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Abstract 
A sample preparation method for total sulphur measurement in reactive mine tailings was 
developed by ultrasound assisted digestion (USAD) and inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) technique. KZK-1, a sericite schist, was selected as the 
certified reference material (CRM) and Musselwhite gold mine tailings were used as tailings 
sample.  Experimental factors (i.e. digestion time, temperature and acid-oxidant combination) 
were studied in two steps. In the first step, a two-level and three-factor (2
3
) full factorial design of 
experiment was applied and the total sulphur was measured by USAD and ICP-OES technique. 
The best result at 95% confidence level (P< 0.05) was identified to be 20 minutes of digestion, 
80
O
C and 1ml HNO3:1ml HCl, which can achieve 100% recovery of total sulphur for the selected 
CRM. Subsequently, the USAD method was compared with other total sulphur measurement 
techniques (i.e. hot plate assisted digestion method, X-ray fluorescence and LECO-CNS). The 
investigated method was verified by X-ray diffraction analysis. In the second step, for further 
improvement, the role of H2O2 (oxidant) was investigated for USAD and ICP-OES technique. 
The process was optimized by design of experiment and response surface methodology. The 
optimum result at 95% confidence level (P< 0.05) was identified as 10 minutes of digestion, 77 
O
C in combination with 1ml HNO3: 1ml HCl : 1.35ml H2O2 for 100%  recovery of total sulphur 
for the selected CRM. The optimum digestion level was applied to tailings and satisfactory result 
was observed. A regression model equation was developed and verified by the F (Fisher’s) values 
as well as P (probability) values. The percentage relative standard deviation (%RSD) revealed the 
precision of the developed technique.  
Keywords: Ultrasound assisted digestion; Total sulphur measurement; Design of experiment; 
Response surface methodology; ICP-OES.      
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Chapter 1 
Introduction  
 
 
1.1 Background 
Mine tailings are materials left over after extraction of valuable minerals from ore. Acid 
mine drainage (AMD) refers to the outflow of acidic water coming from (usually abandoned) 
reactive mine tailings (RMT) produced from metal mines or coal mines. AMD is produced 
when sulphide-bearing mine tailings are exposed to oxygen and water, which is accelerated by 
naturally-occurring bacteria that assist in the break down of sulphide minerals (Zhuang, 2009). 
The movement of AMD is accompanied by the movement of heavy metals is reported to be 
threatening to surface and ground water system (Yeheyis et al., 2010) as well as to the 
ecosystem (Wang et al., 2006). Furthermore, once the series of chemical and bio-chemical 
reactions leading to AMD generation start, they do not stop naturally until all the reactants are 
exhausted, which can take centuries (Younger, 2000; Zhuang, 2009). As a result, AMD is 
considered as a major environmental challenge in mining industries for last few decades. To 
manage the formation of AMD from reactive mine tailings, the following factors should be 
controlled, these are, sulphur content of tailings (Benzaazoua et al., 2000), presence of water 
in tailings, exposure to oxygen to tailings (Zhuang, 2009) and the relative abundance of 
bacteria (Leduc et al., 2002).  
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AMD generations can result in surface and ground water contamination that requires 
expensive water treatment and involves potential liability to the authority. An accurate 
prediction of the acid producing potential of tailings or sulphidic wastes is, therefore, essential. 
A prediction of the acid generation requires a good understanding of the physical, geological, 
geochemical and mineralogical characteristics of the sulphidic wastes and, according to 
Lottermoser, (2010; pp 80), the acid generation prediction includes the completion of:  
 
 Geological modeling; 
 Geological, geochemical, mineralogical and petro-graphic descriptions; 
 Geochemical static and kinetic tests; and 
 The use of computer models for oxygen movement and geochemical 
processes. 
 
Geochemical test contains two major segments, one is static test and another is kinetic 
tests. Static tests are geochemical analyses of sulphidic waste which are used to predict the 
Fig.1.1 Streams from acid mine drainage. 
(http://en.wikipedia.org/wiki/Acid_mine_drainage) 
  
 3 
potential of a waste sample to produce acid. A significant part of the static test is Acid Base 
Accounting (ABA), which refers to the numerical data used to predict acid generation. The 
three components of the ABA are: (i) determination of acid production; (ii) determination of 
acid consumption; and (iii) calculation of net acid production or consumption using the data 
from (i) and (ii). Here, (i) Determination of acid production from tailings samples deals 
with the measurement of total sulphur, which is the main goal of our research. 
For the management of AMD from RMT, sulphur concentration is routinely monitored 
(Alam et al., 2012). As a result, the main objective of the research is to develop a sample 
preparation method for total sulphur analysis from RMT by ICP-OES and make the procedure 
as accurate, fast, and straightforward. The recent development of total sulphur measurement 
from RMT by ICP-OES has achieved 97% total sulphur recovery in 40 minutes of hot plate 
digestion at 95 
O
C using aqua regia (Alam et al., 2012). Electro-thermal atomic absorption 
spectrometry (ETAAS) and inductively coupled plasma optical emission spectrometry (ICP-
OES) are the most common techniques used for the determination of low element 
concentrations in soil and sediments (Falciani et al., 2000). Spectroscopic techniques generally 
required the complete destruction of the sample matrix, especially soil and sediments because 
of its refractory nature to transform it to a solution for analysis (Tuzen, 2003). This 
transforming steps are time consuming and responsible for 20% to 30% of the total analysis 
error, which can be improved by using ultrasound or microwave energy in the sample pre-
treatment process (Kazi et al., 2009; Falciani et al., 2000). Therefore, ultrasound assisted 
tailings digestion is investigated in the sample preparation stage for ICP-OES analysis. 
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1.2 Objectives of the research 
Sulphur containing minerals in reactive mine tailings are devastating for both soil and 
water. To face the environmental challenges by disposing the reactive mine tailings in a 
sustainable way, it is very important to measure the amount of total sulphur for the calculation 
of Acid Base Accounting (ABA). Total sulphur measurement of tailings helps to predict the 
AMD potential. In view of the efficient tailings management, the goals of the study are: 
 
 Develop a sample preparation method by ultrasound assisted digestion for total sulphur 
measurement suitable for general spectroscopic analysis; i.e. ICP-OES (Inductively 
coupled plasma optical emission spectroscopy). 
 Improvement of total sulphur measuring procedure as accurate, fast, and 
straightforward for low sulphur content (<1.0%) tailings and compare the developed 
method with other conventional methods. 
 Test the developed method to the reactive mine tailings and assess the feasibility of the 
method for routine analysis in the mine sites. 
 Optimize the method influencing factors by statistical design of experiment and 
response surface methodology. 
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1.3 Thesis outline and scope 
The thesis consists of five chapters and the contents of each chapter are as follows: 
 
Chapter 1 introduces the subject matter of the thesis, clarifies the objectives and identifies the 
goals of the research, and outlines the original contributions of the study. 
 
Chapter 2 provides a comprehensive literature review on the environmental impact of AMD, 
different sulphur measurement techniques, ultrasound assisted digestion techniques, ICP-OES 
techniques, and multivariate statistical technique. 
 
Chapter 3 presents a sample preparation method based on ultrasound assisted digestion for 
total sulphur measurement in mine tailings. The developed method is compared with other 
conventional total sulphur measurement techniques.  
 
Chapter 4 presents a sample preparation method based on ultrasound assisted digestion and by 
using an acid-oxidant (particularly acid-H2O2 combination) combination for further 
improvement. The factors levels are optimized by response surface methodology (a 
multivariate statistical technique).  
 
Chapter 5 summarizes the key aspects of the ultrasound assisted sample preparation for total 
sulphur measurement by ICP-OES technique from mine tailings. Draw the conclusions and 
make recommendations for further research. 
 
Chapter 3 and 4 are presented in the form of a manuscript for publications.  
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1.4 Novelty of the thesis 
Novelty or the original contributions of the research demonstrate the following areas: 
 
Article 1 (Chapter 3):  
The paper presents an innovative, accurate, and fast method for total sulphur 
measurement in reactive mine tailings. The approach combines the ultrasound treatment of 
samples and statistical design of experiments, which is applied to reactive mine tailings for the 
first time. The method is verified by comparing with conventional sulphur detection methods. 
The ultrasound assisted sample preparation method is found suitable for ICP-OES analysis. 
 
Article 2 (Chapter 4): 
A sample preparation method based on ultrasound assisted digestion (USAD) and by 
using an acid-oxidant combination is developed and further improvement in the total sulphur 
measurement in mine tailings is achieved. The investigated factors are optimized by response 
surface methodology. The influence of H2O2 (as oxidant) on USAD digestion process is 
tested. The optimum results are successfully applied to the low sulphur content tailings 
samples. The developed technique is found suitable for the routine monitoring of total sulphur 
from tailings sites and provides guideline for general spectroscopic analysis, i.e. ICP-OES. 
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Chapter 2 
Literature review 
 
2.1 AMD and its environmental impact 
Acid mine drainage (AMD) is produced by the oxidation of sulphide minerals, chiefly iron 
disulfide (FeS2). Iron and sulphur oxidizing bacteria act as a catalyst at low pH thereby 
increasing the rate of this reaction by several orders of magnitude (Nordstrom et al., 1997). 
AMD is characterized by low pH (pH 2 to 4) and high concentration of heavy metals, which 
can severely contaminate surface and groundwater, as well as soils (Akeil and Koldas, 2006). 
AMD formation reactions by pyrite are (Akeil and Koldas, 2006): 
 
2FeS2 (s) + 7O2 + 2H2O –> 2Fe
+2
 + 4SO4
-2
 + 4H
+ 
                                        (2.1) 
  2Fe+2 + ½ O2 + 2H
+
 –> 2Fe+3 + H2O       (2.2) 
2Fe
+3
 + 6H2O <–> 2Fe (OH) 3 (s) + 6H
+
     (2.3)  
14Fe
+3
 + FeS2 (s) + 8H2O –> 2SO4 
-2
 + 15Fe
+2
 + 16H
+
    (2.4) 
 
When ferrous iron is produced (Equation 2.4) and sufficient dissolved oxygen is present, 
the cycle of reactions 2.2 and 2.3 are repeated. Without enough dissolved oxygen the solution 
shows high level of ferrous iron and the equation 2.4 completed (Younger et al., 2002). These 
chemical reactions (Equations 2.2, 2.3, and 2.4) can be significantly accelerated by bacteria, 
specifically Thiobacillus ferrooxidans (McGuire et al., 2001). 
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Major impact of AMD targets the aquatic resources. Once acid drainage starts, metals are 
released into the surrounding environment and become available to biological organisms. 
Metal precipitate affects water, streams, and seepage areas by coating the surface of stream 
sediments and streambeds, destroying habitat, and diminishing the availability of clean gravels 
used for spawning. As a result, fish habitat reduced significantly due to the precipitation of 
metal hydroxides (i.e. Fe(OH)3 etc.)) caused by AMD (Jennings et al., 2008). 
AMD exposed water body usually contains elevated concentration of metals and pH as 
low as 2.0 to 4.0. High accumulation of metals due to the low pH of soil caused by AMD 
becomes available for plants uptake. In the Sudbury, Ontario, Canada, AMD produced from 
Cu-Ni mining, the soil becomes acidified, increases metal mobility, and the Aluminum (Al) 
concentration pop up to 100 mg/kg. This elevated amount of Al concentration is identified as a 
major cause of plant toxicity in these soils (Adamo et al., 1996). Thus metals get into the food 
chain of local living organisms (Dudka and Adriano, 1997), which was identified by Taggart 
et al., (2006), after the dam spill in Aznalcollar mine tailings in Spain. Taggart, (2006) carried 
out the investigations among five bird species in the contaminated areas and found higher 
level of Zn, Pb and Cu in their bone; Arsenic (As) and Copper (Cu) in liver.  
Above discussion reveals that an outflow of AMD into surface or ground water stream 
obviously affect local flora and fauna. It could cause coral mortality and the depletion of 
bottom dwelling organisms (DeNicola and Stapleton, 2002). The toxicity due to AMD that is 
common to all sites includes: 
 Unconstrained weathering of sulphidic mine waste with the production of AMD 
 Local disappearance of aquatic life and vegetation 
 Locally confined heavy metal pollution and acidification of streams and soils 
 11 
 Downstream heavy metal pollution of local drainage systems 
 Bioaccumulation of heavy metals in aquatic algae and terrestrial plants by means of 
which heavy metals get in the food chain of the surrounding terrestrial ecosystems, 
including grazing. 
 
2.2 Review of total sulphur analysis 
 
Sulphur determination is a primary step for the accurate prediction of acid forming 
potentials of reactive mine tailings (RMT) sites. The total sulphur measurement is necessary 
for the mine waste disposal, management, and re-vegetation strategies (Lottermoser, 2010). In 
chapter 3 of the thesis, a review of total sulphur measurement techniques is presented from 
different sample masses. Apart from all these total sulphur measurement techniques (as 
described in chapter 3), a recent study on total sulphur measurement of mine tailings by Alam 
et al., (2012) has advanced the total sulphur measurement technology. A 40 minutes hot plate 
digestion at 95 
O
C temperature with aqua regia (1 ml HNO3 + 3 ml HCl) for 0.1 gm of 
reference materials (KZK 1 and RST 2), have yielded 97% recovery of total sulphur by 
inductively coupled plasma optical emission spectroscopy (ICP-OES) technique, which is so 
far the most accurate and fastest method for the total sulphur analysis of mine tailings.  
 
2.3 Ultrasound assisted digestion technique 
 
2.3.1 Introduction of ultrasound 
 
Ultrasound wave is determined by its frequency range (Fig. 2.1) and the wave ranges 
from 20 KHz to several GHz. Ultrasound is used in many different fields, typically to 
penetrate a medium and measure the reflection signature or to supply focused energy.  
Ultrasound is currently used for a growing variety of purposes in industry (large-scale 
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cleaning, emulsification of cosmetics and food), medicine (non-surgical removal of kidney 
stones, imaging fetal development during pregnancy), engineering (welding plastics, cutting 
alloys), and chemistry (synthesis of fine chemicals) (Capote and Luque de Castro, 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ultrasound helps analytical chemists in almost all of their laboratory tasks, from 
cleaning to detection. Traditionally, the scientific community engaged in work on ultrasound 
has been divided into two regions namely: a power region and diagnostic region. The power 
region is the low frequency end which allows the sound energy to produce cavitations; the 
origin of sonochemical effects. The common use of low power frequency belongs to 20 kHz to 
40 kHz, which may extend up to 2 MHz. The diagnostic region or high frequency range 
belongs to 5 MHz to several GHz, which is free from cavitation effect. Analysis of elements or 
synthesis of chemicals is carried out by analytical chemists or engineers fall largely in the 
former group. Thus an increasing number of analytical processes are being facilitated or 
improved by the use of ultrasound-based and ultrasound-assisted techniques (Capote and 
Luque de Castro, 2007, pp 1). Four types of ultrasonic machines are commercially available 
 
Fig.2.1 Approximate frequency ranges corresponding to ultrasound 
(http://en.wikipedia.org/wiki/Ultrasound). 
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namely; whistle reactors, ultrasonic cleaning bath, ultrasonic probes, and cup-horn devices. In 
this research, the ultrasonic cleaning bath is used for the generation of low frequency 
ultrasound energy, by means of which a sample preparation technique for total sulphur 
measurement in mine tailings is investigated. Some advantages and disadvantages of 
ultrasonic cleaning bath may include: 
 
Advantages: 
 Available and relatively cheap. 
 The acoustic field is fairly distributed throughout the bath liquid. 
 Regular glassware can be used during experiment even at high or low 
pressure or even an inert atmosphere. 
 
Disadvantages: 
 The power dissipation from the bath into the analytical system is not 
usually very large, less than 5W/cm
2
. 
 Temperature control is difficult unless the device is furnished with 
automatic thermal control. 
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Different steps of the analytical process are shown in Fig. 2.2, which can be expedited 
and (or) improved by the use of ultrasound energy. 
 
 
 
 
 
 
 
 
 
 
 
  
Fig.2.2 Ultrasound energy assisted different analytical steps (Capote and Luque de Castro, 2007). 
. 
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2.3.2 Cavitations created by ultrasound 
 
 Sound wave propagates by longitudinal motion (compression/ rarefaction) as 
shown in Fig. 2.3. Due to this compression and rarefaction nature, positive and negative 
pressure is developed respectively in the liquid medium. This expansion cycle or negative 
pressure creates micro-bubbles that are called “cavities” in the liquid. The produced negative 
pressure exerted exceeds the local tensile strength of the liquid, which varies depending on the 
nature and purity of the liquid. At some point, when the bubble reaches to the peak of its 
energy absorbing efficiency from ultrasound, it implodes (Capote and Luque de Castro, 2007, 
pp 4-5).  The process by which bubbles form, grow, and undergo implosive collapse is known 
as “cavitation”. The steps involved in the cavitation process are depicted in Fig. 2.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.3 Diagram representing sound wave. (http://courses.washington.edu/bioen508/Lecture6-
US.pdf; cited 2012). 
. 
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The cavitation process owes to its ability to concentrate acoustic energy in small 
volumes which results in temperatures of thousands of Kelvin, pressures of GPa with an 
increase of local accelerations 12 orders of magnitude higher than gravity, shockwaves, and 
photon emission (Hao, 2011). Thus, the cavitation process creates localized hot spot having 
effective temperatures of around 5000 K, pressures of ~1000 atmospheres, and heating and 
cooling rates above 10
10
 K/s. There is a universal consensus that this hot spot is the source of 
homogeneous sonochemistry (Suslick et al., 1999). As a result, cavitation provides a unique 
set of conditions to produce unusual materials from precursors to dissolve in solution. 
Cavitation process was heavily studied during the 1950’s and 1960’s. From that time on, the 
chemical effects of ultrasound have been well-explained as the consequence of localized hot 
spots created during bubble collapse. 
Cavity collapse near a large or extended solid surface becomes non-spherical and 
drives high-speed jets of liquid into the surface, which damage to the surface by creating 
shockwaves (Leighton, 1994). This process can produce newly exposed, highly heated 
5000 OC 
2000 atm 
Fig.2.4 Diagram of cavitations and implosion (Capote and Luque de Castro, 2007, pp 4). 
. 
Bubble 
forms 
Bubble grows in 
successive cycles 
Bubble reaches 
unstable size 
Violent 
collapse 
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surfaces and is responsible for the erosion or corrosion phenomenon (Suslick et al., 1999). 
Furthermore, cavitations and the shockwaves produced during ultrasonic irradiation of liquid-
powder suspension can accelerate solid particles to high velocities (Suslick and Doktycz, 
1990), which are responsible for the inter-particle collisions. These inter-particle collisions are 
capable of inducing major changes in surface morphology, composition, and reactivity of solid 
samples. Thus, micro jets and shockwave impact (on large surfaces) and inter-particle 
collisions (with fine powders) have substantial effects on the chemical composition and 
physical morphology of solids, dramatically enhancing chemical reactivity. 
 
2.3.3 Review of ultrasound assisted digestion 
 
A suitable and reliable method for sample preparation is always vital for trace element 
analysis. Extraction of desired element by dissolving the samples is one of the most important 
steps before element analysis. Solid samples are difficult to analyze directly as they are 
incompatible with most analytical instruments, say chromatography and few spectrometry (i.e. 
ICP-OES, AAS, UV-Vis etc.). Therefore, the first step of solid sample analysis inevitably 
involves obtaining the target analytes in a liquid phase. This can be achieved in a variety of 
ways ranging from complete dissolution of the test sample to partial dissolution or separation 
of a part of the sample. Sample dissolution can be accomplished with the assistance of heat, 
chemical reagents, high pressures, and water. The underlying process is called “digestion” and 
involves decomposition of the sample matrix (Capote and Luque de Castro, 2007). Thermal 
energy, which is applied with hot-plate in digestion process can be replaced by or 
supplemented with auxiliary energy, for example, ultrasound or microwave to accelerate the 
sample digestion process. Hot plate and microwave digestion techniques have been well 
established as an element extraction process for the dissolution of target analytes prior to 
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atomic spectrometric analysis. Such digestion techniques require the use of concentrate acids, 
high temperature, high pressure (in case of microwave digestion), and larger cooling time (in 
case of microwave digestion), which in general consume the most of the time in the overall 
analysis (Ashley et al., 2001). 
In recent years, ultrasound (US) assisted sample treatment for element analysis has 
drawn considerable attention due to its fast and simple sample treatment process with minimal 
level of contamination. So many investigations related to trace element analysis from a wide 
variety of sample sources as well as suitable for different analytical techniques have been 
reported so far using US assisted sample digestion and extraction techniques. 
Cadmium (Cd), copper (Cu), and zinc (Zn) in fish and mussel samples were 
investigated using ultrasound-assisted solid–liquid extraction procedure and compared the 
results with microwave assisted digestion method. Investigated parameters were nitric acid 
concentration, hydrochloric acid concentration, hydrogen peroxide concentration, leaching 
solution volume, and sonication time. A 30 minutes sonication, 56
O
C operating temperature 
and 6 ml of 1:1:1 HNO3 (4 M): HCl (4 M):H2O2 (0.5 M) were observed to be optimum for 0.5 
g of dried sample. Cadmium and copper were determined by graphite furnace atomic 
absorption spectrometry and zinc was determined by flame atomic absorption spectrometry. 
The proposed procedure by using ultrasound reduces the complexity of the leaching solution 
as well as avoids the use of concentrated reagents (Manutsewee et al., 2007). 
   Pourhossein et al., (2009), was investigated the ultrasound-assisted digestion (USAD) 
of edible citric acid samples for trace determination of arsenic and lead, and compared with 
dry ashing as well as wet digestion methods. Parameters such as sonication time, sample mass 
and solvent system were fully optimised. Final solutions obtained upon sonication, were 
measured by electro-thermal atomic absorption spectrometry (ETAAS). Optimum conditions 
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for arsenic and lead extraction were observed to be 20 minutes sonication time, a 2.0 g sample 
mass (in 10 ml solvent) with a mixture of concentrated HNO3–H2O2.  For the preparation of 
food and food additive samples, dry ashing or wet digestion methods are commonly used. In 
general, a classical wet-digestion procedure is tedious and lead to possible analyte losses 
including sample contamination. In addition, dry ashing methods are discouraged due to 
possible losses of volatile elements and difficulties involving dissolution of the combustion 
residue. According to this investigation, ultrasound–assisted digestion method is found more 
straight forward and faster compared to dry ashing and wet digestion with very good precision 
(%RSD was less than 3%). 
Arsenic from frozen sea food samples were also investigated among ultrasonic slurry 
sampling (USS) method, ultrasound-assisted extraction (UAE) method, and microwave 
assisted digestion (MAD) method (Santos et al., 2000). The detection was done by transverse 
heated electro thermal atomic absorption spectrometry (ETAAS). In general, no significant 
differences in accuracy were observed among UAE and MAD methods, where as, 
significantly lower arsenic concentrations were observed for USS method. Similar yield of 
accuracy for the measurement of Ca, Cu, Fe, Mg, Mn, and Zn in human hair among ultrasound 
and microwave assisted digestion method was also observed in spectroscopic analysis 
(Bermejo-Barrera et al., 2000). Even though, the author concluded the ultrasound method 
steps ahead for sample pre-treatment process, as this method relatively use dilute acids to 
extract metals.  
Heavy metal contamination in sediments, sludge’s, and soils possesses significant 
threat to animals and human health. Heavy metals such as, Cd, Cr, Ni, and Pb from different 
environmental (soil, sediment and sewage sludge) and biological (fish muscles, vegetables and 
grains) samples were measured by electro thermal atomic absorption spectrometry (Kazi et al., 
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2009). The samples were prepared by ultrasound assisted digestion and the results were 
compared with hot plate assisted digestion. The results of ultrasound assisted digestion were 
found coherent with other researchers and those are, higher sample throughput, significantly 
shorter digestion time and lower analysis cost (i.e. low consumption of acid mixture). 
Ultrasound assisted digestion efficiencies of Cu, Zn, and Pb from sewage sludge were also 
investigated by Deng et al., (2009) and was observed to be increased with the increase of nitric 
acid concentration and sonication time. According to the author, ultrasound and nitric acid 
concentration play’s a synergistic role in this extraction process. Poisonous mercury (Hg) was 
also measured from environmental samples like soil, river, and marine sediments by 
ultrasound assisted digestion followed by cold vapour atomic absorption spectrometry (CV-
AAS) technique (Collasiol et al., 2004). The result showed good accuracy and good precision 
(%RSD was less than 5%) was also a supportive consequence. In the trend of lower sample 
preparation time, phosphorous measurement was done from soil samples and found significant 
improvement by ultrasound application in the sample pre-treatment process (Rondano and 
Pasquali, 2008). The extraction time reduced to 10 minutes by ultrasound digestion, which 
was 30 minutes by mechanical shaking method. The analysis of sample mass as well as the 
sample mass to reagent ratio was also found to drop when ultrasound energy is used in the 
sample pre-treatment process for UV-visible spectrophotometer quantification technique 
(Rondano and Pasquali, 2008). 
A sample preparation method for inductively coupled plasma atomic emission 
spectrometry (ICP-AES) was developed by ultrasound assisted digestion (Vaisanen et al., 
2002) and eventually compared with the microwave digestion method. Several toxic elements 
like arsenic (As), cadmium (Cd), lead (Pb), and silver (Ag) were analyzed from contaminated 
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soil. The author came to a similar conclusion in terms of accuracy, precision, and analysis time 
as we found in the above discussion. 
Ultrasound assisted extraction method was also tested for many organic compounds to 
be analyzed by different analytical instruments. Organic nitrogen determination from a large 
variety of samples (e.g., pharmaceutical, agricultural, food products, biological sediments, and 
waste water matrices) mostly depends on Kjeldahl digestion procedures. Kjeldahl digestion 
involves boiling a sample in concentrated sulphuric acid at a high temperature for several 
hours in the presence of a mercury or copper catalyst. This tedious method for the 
determination of total Kjeldahl nitrogen was significantly improved by Domini, (2009), by 
simultaneous as well as direct irradiation of microwaves and ultrasound energy. The 
measurement was done by UV-vis spectrophotometer. Ultrasound assisted extraction of 
banned azo dyes in leather samples was developed by Ahlstrom and Mathiasson, (2006) and 
was quantified by HPLC (high performance liquid chromatography) technique. In the 
investigated method the accuracy was observed much better than the standard DIN 53316 
method. Over all, the ultrasound technique for sample digestion is found to be straightforward, 
simple, and fast. 
 
2.4 Inductively coupled plasma optical emission spectroscopy 
 
Spectroscopy techniques, particularly the ICP (inductively coupled plasma) technique, 
have emerged for the multi-element analysis capability; high detection power and low sample 
consumption rate (Melaku et al., 2005). Moreover, ICP-OES (inductively coupled plasma 
optical emission spectroscopy) technique has become a reliable one for the measurement of 
non-metals such as sulphur (Pritchard and Lee, 1984). Electro-thermal atomic absorption 
spectrometry (ETAAS) and inductively coupled plasma optical emission spectrometry (ICP-
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OES) are the most commonly used techniques for the determination of low element 
concentrations in soil and sediments (Falciani et al., 2000).  
Interest in ICP-OES is not only for it’s high sensitivity but also for its capacity of 
measuring multi-elements from a wide variety of environmental and biological samples 
(Melaku et al., 2005). Few investigations related to different element analysis have been 
reported from different types of samples by ICP-OES technique (Ilander and Väisänen, 2009; 
Santos et al., 2009). Plasma used in the ICP-OES is an effective source of atomic and ionic 
emission, which can be used for the determination of many elements of the periodic table. In 
an ICP, argon gas is supplied to generate plasma. High frequency electric current is applied to 
the work coil at the tip of a torch tube to create an electromagnetic field. As a result, argon gas 
is ionized and plasma is generated. Plasma energy, having high electron density, owes a 
temperature up to 10,000°C. At this high temperature, almost all atoms get vaporised and 
excited. The excited atom (i.e. sulphur etc.) release it’s characteristics emission lines on their 
return to low energy position. The quantification is done based on the intensity of the emission 
lines by the spectrophotometer (Skoog et al., 2007, p 255).  
Many spectroscopic techniques (i.e. ICP-OES) required the complete dissolution of the 
sample matrix to a solution for analysis (Tuzen, 2003). This transforming steps are time 
consuming and responsible for 20% to 30% of the total analysis error, which can be improved 
by using ultrasound or microwave energy in the sample pre-treatment process (Kazi et al., 
2009; Falciani et al., 2000). Wet acid digestion in combination with different acid-oxidant 
mixture (i.e. HClO4, HNO3, HF, HCl, H2SO4, and H2O2) is the most common approach for 
sample preparation for ICP analysis (Kazi et al., 2009; Melaku et al., 2005). The addition of 
HF strongly influences the recovery of the microwave acid digestion of environmental 
samples because it breaks down silicates and minerals better than HClO4/HNO3 and 
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HNO3/HCl acid combinations. However, HF rises to problems in glassware and torch damage 
of ICP. On the other hand, unstable explosive perchlorate ester makes HClO4 an unsafe acid, 
which was suggested to be replaced by H2O2 by Haung and Schulte, (1985).  
 
2.5 Multivariate statistical method of analysis 
Box and Wilson, (1951) first introduced the idea of response surface methodology; a 
multivariate statistical design approach, which dramatically changed the way of 
experimentation among engineers and statisticians for last six decades. In their paper, the 
authors introduced some new ideas of experimentation which encompasses, screen of 
investigated factors, region seeking (such as steepest ascent), process/product characterization, 
and process/product optimization.  
Analytical methods always deal with a number of factors. For the optimization of 
analytical methods, the affecting factors required to be optimized. The traditional one factor at 
a time approach, which is called univariate technique, may bring a wrong conclusion, 
especially when the factors interact (Hashemi et al., 2005). Chemometric tools (multivariate 
statistical techniques) have been frequently applied to the optimization of analytical methods, 
considering their advantages such as a reduction in the number of experiments, resulting in 
lower reagent consumption and considerably less laboratory work (Tarley et al., 2009). The 
larger the interaction affects the greater the difference will be found between univariate and 
multivariate optimization strategies. As a result, the univariate procedure may fail since the 
effect of one variable can be dependent on the level of others involved in the optimization. In 
addition, multivariate techniques can generate mathematical models to predict the responses as 
well as to find the significant variables and the best experimental conditions (Escudero et al., 
2010). During the multivariate optimization process, when the number of factors is many, they 
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are screened to find the most significant factors by applying a full or fractional factorial design 
(Ferreira et al., 2004). After identifying the most significant factors, the optimum conditions 
are attained by using response surface methodologies (RSM) that includes three level full 
factorial design, Doehlert matrix, Central Composite designs (CCD) or Box–Behnken designs 
(Tarley et al., 2009; Ferreira et al., 2007). RSM provides an extra advantage of measuring the 
quadratic effects of factors, which is limited to linear and interaction effect for full factorial 
design (Khataee et al., 2010).  
Multivariate techniques were applied to the optimization of affecting factors during the 
development of analytical strategies in different types of experiments, such as, solid phase 
extraction (Barbosa et al., 2007), liquid–liquid extraction (Ebrahimzadeh et al., 2007), 
procedures for sample digestion (Hristozov et al., 2004), methods employing flow injection 
analysis (del Campo et al., 2006), and so many. This statistical technique was also adopted for 
the optimization of many instrumental parameters, such as, high performance liquid 
chromatographic methods (Garcia-Villar et al., 2006), graphite furnace atomic absorption 
spectrometry (GF AAS) (de Amorim et al., 2006), inductively coupled plasma optical 
emission spectrometry (ICP OES) (Villaneuva et al., 2000). 
The multivariate statistical procedure is applied and described in the chapter 3 and 4, 
respectively. Computer software Minitab 15 is being used for the analysis of experimental data 
for these techniques (Prakash et al., 2008). 
 
2.6 Conclusions 
Total sulphur measurement from RMT is essential for the prediction as well as 
management of AMD. Accurate, fast, and straightforward procedure for total sulphur 
measurement of RMT is always in demand. Ultrasound assisted sample digestion technique 
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was found satisfactory in many literatures over different types of samples as accurate and fast 
sample preparation technique. Hence, ultrasound assisted sample digestion is tested and 
verified on mine tailings. ICP-OES is considered an important technique for low concentration 
element analysis. After sample preparation to quantification by ICP, there are several stages 
that may contribute some error (i.e. improper calibration, human error, preservation of 
samples, etc.) in the results. The test was carried out to the maximum care, even though, the 
possibilities of error by ICP test were ignored because sample preparation technique is the 
main focus of the thesis. In this chapter, a brief review on the impact of AMD, total sulphur 
measurement, ultrasound assisted digestion and ICP-OES measurement technique for different 
samples is presented. Different influential factors on the ultrasound assisted digestion for total 
sulphur measurement is also tested and optimized statistically by multivariate statistical 
techniques. A brief review of the multivariate statistical technique helps to find the scope for 
digestion process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 26 
2.7 References:  
 
Adamo, P., Dudka, S., Wilson, M.J. and McHardy, W.J. 1996. Chemical and mineralogical 
forms of Cu and Ni in contaminated soils from the Sudbury mining and smelting 
region, Canada. Environmental Pollution, 91: 11-19. 
Ahlstrom, L., and Mathiasson, L. 2006. An ultrasound – assisted extraction procedure for the 
determination of banned azo dyes in leather. Journal of American Leather Chemist 
Association, 101: 355 – 361. 
Akeil, A., and Koldas, S. 2006. Acid mine drainage (AMD): cause, treatment and case studies. 
Journal of Cleaner Production, 14 (12 – 13): 1139 – 1145.  
Alam, R., Shang, J.Q., and Cheng, X. 2012. Optimization of digestion parameters for 
analysing the total sulphur of mine tailings by inductively coupled plasma optical 
emission spectrometry, Environment Monitoring  Assessment, 184 : 3373-3387. 
Ashley, K., Andrews, R.N., Cavazos, L., and Demange, M. 2001. Ultrasonic extraction as a 
sample preparation technique for elemental analysis by atomic spectrometry. Journal of 
Analytical Atomic Spectrometry, 16: 1147–1153.  
Barbosa, A.F., Segatelli, M.G., Pereira, A.C., Santos, A.S., Kubota, L.t., Lucca, P.O., and 
Tarley, C.R.T. 2007. Solid-phase extraction system for Pb (II) ions enrichment based on 
multiwall carbon nanotubes coupled on-line to flame atomic absorption spectrometry. 
Talanta, 71(4): 1512-1519. 
Bermejo-Barrera, P., Muniz-Naveiro, O., Moreda-Pineiro, A., and Bermejo-Barrera, A. 2000. 
Experimental designs in the optimisation of ultrasonic bath–acid-leaching procedures for 
the determination of trace elements in human hair samples by atomic absorption 
spectrometry. Forensic Science International, 107:105-120. 
 27 
Box, G.E.P., and Wilson, K.B. 1951. On the experimental attainment of optimum conditions. 
Journal of the Royal Statistical Society, B (13): 1-15. 
Capote, F.P., and Luque de Castro, M.D. 2007. Ultrasound in analytical chemistry. Analytical 
and Bioanalytical Chemistry, 387:249-257.  
Capote, F.P., and Luque de Castro, M.D. Analytical applications of Ultrasound. (1
st
 Edition), 
Elsevier Netherlands. 2007. ISBN 978-0-444-52825-4.  
Collasiol, A., Pozebon, D., and Maia, S.M. 2004. Ultrasound assisted mercury extraction from 
soil and sediment. Analytica Chimica Acta, 518:157–164. 
de Amorim, F.R., Bof, C., Franco, M.B., da Silva, J.B.B., Nascentes, C.C. 2006. Comparative 
study of conventional and multivariate methods for aluminum determination in soft 
drinks by graphite furnace atomic absorption spectrometry. Microchemical Journal, 
82:168-173. 
del Campo, G., Gallego, B., and Berregi, I. 2006. Fluorimetric determination of histamine in 
wine and cider by using an anion-exchange column-FIA system and factorial design 
study. Talanta, 68: 1126-1134. 
Deng, J., Feng, X., and Qiu, X. 2009. Extraction of heavy metal from sewage sludge using 
ultrasound-assisted nitric acid. Chemical Engineering Journal, 152:177–182. 
DeNicola, D.M., and Stapleton, M.G. 2002. Impact of acid mine drainage on benthic 
communities in streams: the relative roles of substratum vs. aqueous effects. 
Environmental Pollution, 119: 303–315. 
Domini, C., Vidal, L., Cravotto, G., and Canals, A. 2009. A simultaneous, direct 
microwave/ultrasound-assisted digestion procedure for the determination of total 
Kjeldahl nitrogen. Ultrasonics Sonochemistry, 16: 564–569. 
 28 
Dudka, S., and Adriano, D.C. 1997. Environmental impacts of metal ore mining and 
processing: a review. Journal of Environmental Quality, 26: 590-602. 
Ebrahimzadeh, H., Yamini, Y., Kamarei, F., and Shariati, S. 2007. Homogeneous liquid–
liquid extraction of trace amounts of mononitrotoluenes from waste water samples. 
Analytica Chimica Acta, 594: 93-100. 
Escudero, L.A., Cerutti, S., Olsina, R.A., Salonia, J.A., and Gasquez, J.A. 2010. Factorial 
design optimization of experimental variables in the on-line 
separation/preconcentration of copper in water samples using solid phase extraction 
and ICP-OES determination. Journal of Hazardous Materials, 183: 218-223. 
Falciani, R., Novaro, E., Marchesini, M., and Gucciardi, M. 2000. Multi-element analysis of 
soil and sediment by ICP-MS after a microwave assisted digestion method. Journal of 
Analytical Atomic Spectrometry, 15: 561-565. 
Ferreira, S.L.C., Bruns, R.E., Paranhos da Silva, E.G., dos Santos, W.N.L., Quintella, C.M., 
David, J.M., de Andrade, J.B., Breitkreitz, M.C., Jardim, I.C.S.F., and Neto, B.B.2007. 
Statistical designs and response surface techniques for the optimization of 
chromatographic systems. Journal of Chromatography A, 1158: 2-14. 
Ferreira, S.L.C., dos Santos, W.N.L., Quintella, C.M., Neto, B.B., and Bosque-Sendra, J.M. 
2004. Doehlert matrix: a chemometric tool for analytical chemistry-review. Talanta, 63: 
1061–1067. 
Garcia-Villar, N., Saurina, J., and Hernandez-Cassou, S. 2006. High-performance liquid 
chromatographic determination of biogenic amines in wines with an experimental 
design optimization procedure. Analytical Chimica Acta, 575: 97-105. 
 
 29 
Hao, F. Ultrasound Technologies for Food and Bioprocessing. (1
st
 Edition), Springer Science 
Business Media, LLC, NY. 2011. ISBN  9781441974716. Edited by Hao, F., 
Barbosa-Canovas, G., and Weiss, J. Chapter 2 (Acoustic cavitation) by Louisnard, O., 
and Gonzalez-Garcia, J. 
Hashemi, P., Bagheri, S., and Fat’hi, M.R. 2005. Factorial design for optimization of 
experimental variables in preconcentration of copper by a chromotropic acid loaded Q-
Sepharose adsorbent. Talanta, 68: 72-78. 
Haung, C.Y.L. and Schulte, E.E. 1985. Digestion of plant tissue for analysis by ICP emission 
spectroscopy. Commun. Soil Sci. Plant Anal. 16: 943-958 
Hristozov, D., Domini, C.E., Kmetov, V., Stefanova, V., Georgieva, D., and Canals, A. 2004. 
Direct ultrasound-assisted extraction of heavy metals from sewage sludge samples for 
ICP-OES analysis. Analytica Chimica Acta, 516: 187-196. 
Ilander, A., and Väisänen, A. 2009. The determination of trace element concentrations in fly 
ash samples using ultrasound-assisted digestion followed with inductively coupled 
plasma optical emission spectrometry. Ultrasonics Sonochemistry, 16: 763-768. 
Jennings, S.R., Neuman, D.R., and Blicker, P.S. 2008. Acid mine drainage and effects on fish 
health and ecology: a review. Reclamation Research Group Publication, Bozeman, 
MT. 
Kazi, T.G., Jamali, M.K., Arain, M.B., Afridi, H.I., Jalbani, N., Sarfraz, R.A., Ansari., R. 
2009. Evaluation of an ultrasonic acid digestion procedure for total heavy metals 
determination in environmental and biological samples. Journal of Hazardous Materials, 
161: 1391–1398. 
 30 
Khataee, A.R., Dehghan, G., Ebadi, E., and Pourhassan, M. 2010. Central Composite Design 
Optimization of Biological Dye Removal in the Presence of Macroalgae Chara sp. 
Clean-Soil, Air, Water, 38 (8): 750–757. 
Leighton, T. G. 1994. The Acoustic Bubble. Academic press, London, pp. 531-551. 
Lottermoser, B.G. Mine Wastes Characterization, Treatment and Environmental Impacts. (3
rd
 
Edition), Springer-Verlag Berlin Heidelberg. 2010. ISBN 978-3-642-12418-1, DOI 
10.1007/978-3-642-12419-8_4.  
Manutsewee, N., Aeungmaitrepirom, W., Varanusupakul, P., and Imyim, A. 2007. 
Determination of Cd, Cu, and Zn in fish and mussel by AAS after ultrasound-assisted 
acid leaching extraction. Food Chemistry, 101(2): 817-824.  
McGuire, M. M., Edwards, K.J., Banfield, J.F., and Hamers, R.J. 2001. Kinetics, surface 
chemistry, and structural evolution of microbially mediated sulfide dissolution. 
Geochimica et Cosmochimica Acta, 65(8): 1243- 1258. 
Melaku, S., Dams, R., and Moens, L. 2005. Determination of trace elements in agricultural 
soil samples by inductively coupled plasma-mass spectrometry: Microwave acid 
digestion versus aqua regia extraction. Analytica Chimica Acta, 543:117–123. 
Nordstrom, D. K., and G. Southam 1997. Geomicrobiology- interactions between microbes 
and minerals. Mineral Society America, 35: 261-390. 
Pourhossein, A., Madani, M., and Shahlaei, M. 2009. Evaluation of an ultrasound–assisted 
digestion method for determination of arsenic and lead in edible citric acid samples by 
ETAAS. Canadian Journal of Analytical Sciences and Spectroscopy, 54(1): 39-44. 
Prakash, O., Talat, M., Hasan, S.H. and Pandey, R.K. 2008. Factorial design for the 
optimization of enzymatic detection of cadmium in aqueous solution using 
immobilized urease from vegetable waste. Bioresource Technology, 99: 7565-7572. 
 31 
Pritchard, M. W. and Lee, J. 1984. Simultaneous determination of boron, phosphorus and 
sulphur in some biological and soil materials by inductively coupled plasma emission 
spectrometry.  Analytical Chimca Acta, 157 : 313-326. 
Rondano, K., and Pasquali, C.E.L.  2008. Ultrasound method for extraction of phosphorus in 
soil. Communications in Soil Science and Plant Analysis, 39: 2421–2430. 
Santos, C., Alava-Moreno, F., Lavilla, I., and Bendicho, C. 2000. Total As in seafood as 
determined by transverse heated electro thermal atomic absorption spectrometry-
longitudinal Zeeman background correction: An evaluation of automated ultrasonic 
slurry sampling, ultrasound-assisted extraction and microwave-assisted digestion 
methods. Journal of Analytical Atomic Spectrometry, 15: 987-994. 
Santos, W.P.C., Castro, J.T., Bezerra, M.A., Fernandes, A.P., Ferreira, S.L.C., and Korn, 
M.G.A. 2009. Application of multivariate optimization in the development of an 
ultrasound-assisted extraction procedure for multielemental determination in bean 
seeds samples using ICP OES. Microchemical Journal, 91: 153-158. 
Skoog, D.A., Holler, F.J., and Crouch, S.R. Principles of Instrumental Analysis. (6
th
 Edition), 
Thomson Brooks/Cole, USA. 2007. ISBN-13: 978-0-495-01201-6 
Suslick, K.S., Didenko, Y., Fang, M.M., Hyeon, T., Kolbeck, K.J., Mcnamara III, W.B., 
Mdleleni, M.M., and Wong, M. 1999. Acoustic cavitation and its chemical 
consequences. Philosophical Transactions of the Royal Society A, 357: 335 – 353. 
Suslick, K. S., and Doktycz, S. J. 1990. The Effects of ultrasound on solids in advances in 
sonochemistry, (ed.Mason, T. J.), JAI Press, New York, pp. 197-230. 
 
 
 32 
Taggart, M.A., Figuerola, J., Green, A.J., Mateo, R., Deacon, C., Osborn, D. and Meharg, 
A.A. 2006. After the Aznalcóllar mine spill: arsenic, zinc, selenium, lead and copper 
levels in the livers and bones of five waterfowl species. Environmental Research, 
100(3): 349-361. 
Tarley, C.R.T., Silveria, G., dos Santos, W.N.L., Matos, G.D., da Silva, E.G.P., Bezerra, 
M.A., Miró, M., Ferreira, S.L.C., 2009. Chemometric tools in electroanalytical 
chemistry: methods for optimization based on factorial design and response surface 
methodology. Microchemical Journal, 92, 58–67. 
Tuzen, M. 2003. Determination of heavy metals in fish samples of the middle Black Sea 
(Turkey) by graphite furnace atomic absorption spectrometry. Food Chemistry, 80 (1): 
119 – 123. 
Vaisanen, A., Suontamo, R., Silvonen, J., and Rintala, J. 2002. Ultrasound-assisted extraction 
in the determination of arsenic, cadmium, copper, lead, and silver in contaminated soil 
samples by inductively coupled plasma atomic emission spectrometry. Analytical and 
Bioanalytical Chemistry, 373:93–97. 
Villaneuva, M., Catasus, M., Salin, E.D., and Pomares, M. 2000. Study of mixed-matrix 
effects induced by Ca and Mg in ICP-AES. Journal of Analytical Atomic Spectrometry, 
15: 877-882. 
Younger, P. L., S.A. Banwart, and R.S. Hedin 2002. Mine water: hydrology, pollution,  
remediation. NY, Springer Pub.  
 
 
 
 33 
Chapter 3 
Ultrasound assisted extraction for total sulphur measurement in mine tailings. 
 
3.1 Introduction 
Acid mine drainage (AMD) the acidic effluent from mine sites with pH as low as 2–4, 
is generated from chemical reactions of sulphide ores with atmospheric oxygen and water. 
During the mining process, ores are mined, crushed and pulverized to a typical grain size of 
silt (~ 10 µm), which increases the surface area of sulphide ores and makes them more 
susceptible towards oxidation (Wang et al., 2006). Among different types of metal sulphides, 
iron sulphides, mainly pyrite (FeS2) and pyrrhotite (Fe1-xS, (0 < x <0.125)), are predominant 
AMD producers. AMD formation reactions by those two iron sulphides are (Zhuang, 2009; 
Nicholson and Scharer, 1994),  
 
4 FeS2 (S) + 15 O2 + 2 H2O        2 Fe2 (SO4)3 + 2 H2SO4     (3.1) 
 
Fe1-xS(S) + (2- 
x
/2)O2 +xH2O         (1-x)Fe
2+
 + SO4
2-
 +2xH
+
     (3.2) 
 
The migration of AMD with high concentration of heavy metals has high impact to the 
ecosystem (Wang et al., 2006), such as aquatic life, wild life and vegetation, and ultimately 
affect humans (Yeheyis et al., 2010; Taggart et al., 2006; Penreath, 1994; Kimmel, 1983).   
 
 (A.H. Khan, et al., (2012) Ultrasound-assisted extraction for total sulphur measurement in mine 
tailings, J. Hazard. Mater. 235: 376-383.) 
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Furthermore, once the chemical reactions leading to AMD generation start, they do not stop 
naturally until all the reactants are exhausted, which can take centuries. As sulphide minerals 
are the main culprit for AMD generation, the accurate measurement of total sulphur in mine 
tailings is crucial and is routinely carried out on tailing sites.  
The analysis of total sulphur is very important from geological point of view. 
Environmental samples contain solid-phase sulphur in association with organic compounds, 
sulphide and sulphate minerals as well as elemental sulphur (Wilkin and Bischoff, 2006). 
Since the mid 20
th
 century, many studies have been carried out to deal with the analysis of 
sulphur content in liquid and solid samples and most of them are tedious and time consuming 
(David et al., 1989). For the measurement of total sulphur in soils and sediments, various 
sulphur forms are converted to sulphate by oxidation. The main difficulty in quantifying the 
total sulphur in soil samples lay in the step of conversion. The procedure to convert sulphur to 
sulphate is tedious and requires specific skills. To overcome these difficulties Steinbergs, 
(1962) reported one of the earliest modified approaches using sodium bicarbonate, which 
required 3 hours heating at a temperature of 550 
O
C for sample digestion. Later on, wet acid 
and alkaline oxidation methods for sulphur detection were attempted, whereas these methods 
have the disadvantage of posing the risk of explosion, fire, and material losses (Rossete et al., 
2008). Other techniques used to determine the total sulphur from soil and solid samples 
includes: dry ash oxidation followed by turbidimetry detection (Rossete et al., 2008), 
coulometric titration from acid-volatile sulphide and chromium-reducible sulphur on 
contaminated sites (Wilkin and Bischoff, 2006), ion chromatography technique (Hordijk et al., 
1989), high-performance liquid chromatographic (HPLC) technique for selective 
determinations of  SO4
2−
 (Ramakrishna et al., 1987), X-ray fluorescence method from 
inorganic and biological samples, which was limited for high organic content samples as well 
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as crystalline samples due to the matrix effect caused by crystalline structure (Brown and 
Kanaris-Sotiriou,1969; Steinmeyer and  Kolbesen, 2001), and inductively-coupled plasma 
atomic emission spectrometry (Novozamsky et al., 1986) technique. LECO-CNS analyzers 
have been extensively used for total sulphur measurement from pyrite and other solid samples 
(Postma, 1983; Bernhard and Luis, 2002), however the recovery range varies from 86% to 
90% (Tiedemann and Anderson, 1971) with the Percentage Relative Standard Deviation (% 
RSD) values for duplicate samples are greater than 10% in some low sulphur content soil 
samples (David et al., 1989). Element analyzers are unsatisfactory for total sulphur analysis 
from mine tailings and soil samples due to the fact that the sulphate in tailings cannot be 
converted to SO2 in normal O2 combustion. A reductive combustion is prerequisite for the 
conversion of SO4
2−
 (+VI) to SO2 (+IV) (Artiola, 1990). A recent study on total sulphur 
measurement of mine tailings by Alam et al., (2012) has further advanced the technology. A 
40-minute hot plate digestion at 95 
O
C temperature with aqua regia (1 ml HNO3 + 3 ml HCl) 
for 0.1 gm of reference materials (KZK 1 and RST 2), have yielded 97% recovery of total 
sulphur by inductively coupled plasma optical emission spectroscopy (ICP-OES) technique, 
which is so far the most accurate and fastest method for the total sulphur analysis of mine 
tailings.  
Spectroscopy techniques, particularly the ICP (inductively coupled plasma) technique, 
have emerged for the multi-element analysis capability; high detection power and low sample 
consumption rate (Melaku et al., 2005). These techniques generally require the complete 
destruction of the sample matrix to transform it to a solution for analysis (Tuzen, 2003). This 
transforming step is time consuming and responsible for 20% to 30% of the total analysis error 
(Kazi et al., 2009). Conventional wet acid hot plate digestion and microwave digestion 
techniques have been well established as a sample digestion process to atomic spectrometric 
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analysis (Ashley et al., 2001; Vaisanen et al., 2002). These digestion techniques use mineral 
acid combinations, high temperature and pressure for the complete extraction of elements 
from solid matrix (Kazi et al., 2009). 
In recent years, ultrasound (US) assisted sample treatment for elemental analysis has 
drawn considerable attention due to the fast and simple sample treatment process with the 
minimal level of contamination (Capote and Luque de Castro, 2007). Many investigations 
related to trace element analysis from a wide variety of sample sources have been reported 
using ultrasound assisted sample digestion and extraction techniques (Barrera et al., 2000; 
Kazi et al., 2009; Pourhossein et al., 2009; Domini et al., 2009; Ahlstrom and Mathiasson, 
2006; Collasiol et al., 2004). The ultrasound energy, when imparted to a sample solution, rises 
the temperature slowly to an equilibrium value (Kazi et al., 2009). Furthermore ultrasound 
produces acoustic cavitation, that is, the creation and collapse of micro-bubbles in the liquid, 
producing shockwaves. This process results in the generation of extremely high local 
temperature and pressure known as localized “hot spots” (Suslick et al., 1999; Ashley et al., 
2001). The cavitation process accelerates both chemical and physical reactions along with the 
oxidative power of strong mineral acids, which leads to the increase of solid surface area 
through erosion and results in the extraction of targeted elements from solid matrix (Junior et 
al., 2006). The extraction power of the ultrasound digestion process depends on the variables 
such as the applied temperature, sonication time, sample mass, frequency of ultrasound 
bath/probe, acid mixture, and particle size of the sample that affects the cavitation process 
(Pourhossein et al., 2009). Both ultrasound baths and probes are useful for ultrasound assisted 
digestion, while the ultrasonic bath is cheaper and readily available compared to the probe 
(Junior et al., 2006). However to the best of the authors’ knowledge, no investigation has been 
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done on the ultrasound assisted acid digestion of mine tailings for the measurement of total 
sulphur using ICP-OES (inductively coupled plasma optical emission spectroscopy) technique.  
The multivariate chemometric approach is advantageous for it’s reduced number of 
laboratory experiments, increased possibilities to evaluate interactions among the variables 
and relatively low cost, compared to traditional univariate approaches (Tarley et al., 2009; 
Soylak et al., 2007; Ponnusami et al., 2007). The factorial designs are widely used to 
investigate the most influential effects of experimental factors and interactions between the 
factors, that is, how the effect of one factor varies with the level of other factors in a response 
(Abdel-Ghani et al., 2009). The most popular first-order design is the two-level full (or 
fractional) factorial, in which each factor is experimentally studied at only two levels that are 
expressed in coded form: -1 for low level and + 1 for high level. The full factorial design 
consists of a 2
k
 experiment (k factors, each experiment at two levels), which is very useful for 
either preliminary studies or in initial optimization steps (Ferreira et al., 2004). 
The present work aims to investigate the most influential factor for total sulphur 
extraction and to find the suitable level of factors for accurate measurement of total sulphur by 
ICP-OES technique of mine tailings. Another aim is to develop the total sulphur measuring 
procedure fast, simple and accurate, compared to other existing methods, so that it is suitable 
for routine analysis. A 2
3
 full factorial design was used to evaluate the importance of digestion 
time, acid combination and temperature for the extraction of total sulphur by employing 
ultrasound energy in the digestion process. The accuracy of the method was evaluated in 
comparison with a certified reference material. 
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3.2 Materials and methods 
3.2.1 Samples 
A Certified reference material (CRM) “KZK-1” was used for method validation 
through out the experiment, which was provided by Canadian Certified Reference Materials 
Project (CCRMP). The composition of KZK-1 includes quartz, albite, muscovite, biotite, 
rutile, ilmenite, ankerite, calcite, monazite, zircon, pyrite and pyrrhotite, with trace amounts of 
calcite, clinochlore, kaolinite and sphalerite. The total sulphur content of KZK-1 is 0.8% 
±0.01%.  
Musselwhite mine tailings (MMT) were collected from the mine site (Fig. 3.1), which 
is located on the southern shore of Lake Opapimiskan, 500 km north of Thunder Bay, Ontario, 
Canada. The detailed characterisation of the tailings can be found in Wang et al., (2006). The 
tailings sample was stored in a sealed container under water (collected from tailings pond) to 
maintain the actual condition as well as to avoid oxidation. Prior to testing, tailings were air 
dried for 24 to 48 hours and placed in an air-tight sealed pack. The analysis of particle size 
distribution showed that the tailings contain mainly fine solids, with D50 0.015 mm (Alam et 
al., 2012) and 97% of solids are finer than 74 µm (passing sieve no. 200).  
 
3.2.2 Reagents 
All chemicals used in the study were of analytical reagent grade unless otherwise 
stated. De-ionized water obtained from “Corning Mega pure”, U.S.A., lab water system, was 
used through out the study. Nitric acid of 70% v/v and hydrochloric acid of 37% v/v (EMD 
chemicals, Canada) were used in digestion. Calibration for ICP-OES analysis was done by 
atomic absorption (AA) grade standard stock solution of sulphur (Accu Standard, USA, 1000 
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µg/ml). The calibration points were taken at 1, 5, 10, 50 and 100 mg/L in a linear range of 
R
2
=0.999. 
 
 
3.2.3 Apparatus 
 
An ultrasonic cleaning bath (VWR Scientific Products, USA, Model 75HT; 117V, 205 
W) with an analogue timer (0 to 35 minute) and heater (0 to 85
O
C) was used for digestion 
procedures. Digestion tubes (Kimax Culture Tubes, reusable with screw cap) with 20 ml 
capacity were used as the sample digestion container. An electrical balance (Explorer Pro; 
Model EP214, Switzerland) was used to measure the masses of CRM and tailings. The total 
sulphur was measured by an ICP-OES (Varian Vista Pro; CCD Simultaneous, Australia) auto 
sampler and the details of the operating condition are summarized in Table 3.1. To compare 
the results, a PANalytical PW-2400 XRF (X-ray fluorescence) spectrometer was used. For the 
analysis of total sulphur, pressed powder pellet was measured for XRF analysis following the 
Test Method 09-XRF Elemental Analysis (Analytical Services, University of Western Ontario, 
and December 2011). The standard reference materials RTS-2 series with similar matrices of 
KZK-1 were used for calibration. LECO-CNS 1000 analyzer were also used to measure the 
total sulphur in CRM and tailings. For LECO-CNS, the analytical procedures were followed 
by the method listed in the Instruction Manual v.1.1 (1991, LECO Corporation). Standard 
reference material RTS-2 (S=18.95 wt %) was used for calibration. Hot plate digestion 
followed by ICP-OES analysis of total sulphur was done according to procedure described by 
Alam et al., 2012. In addition, the X-ray diffraction (XRD) data were obtained using a Rigaku 
– MiniFlex II, powder diffractometer (Japan), using CuKα (λ for Kα = 1.54059 Å) over the 
desired 2θ range with a step width of 0.05O. 
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3.2.4 Ultrasound assisted extraction procedure 
 
All glassware were kept in 5% nitric acid solution for 24 hours and rinsed with de-
ionized water and dry in the oven (Iso temp oven, Fisher scientific, Model 737 F, U.S.A.) 
before use. Mix the CRM (KZK-1) thoroughly, as well as mix tailings thoroughly to achieve 
homogeneity. The homogenous mixer of KZK-1, as well as mine tailings were then weighed 
in separate tests, closest to one hundred milligrams (100 ± 1 mg) of sample mass, which is the 
suitable amount for accurate total sulphur measurement (Alam et al., 2012). The sample was 
then placed in a digestion tube.  
 The mixture of nitric acid (HNO3) and hydrochloric acid (HCl) were added to the 
digestion tube according to the two levels three factors full factorial designs (2
3
)
 
matrix. 
Factorial levels were selected following a preliminary trial and error procedure and the 
selected levels of uncoded values are shown in Table 3.2. The amount of HNO3 was fixed to 
1ml (Alam et al., 2012) throughout the experiment and the amount of HCl was varied to 1ml 
and 3ml according to the 2
3 
factorial design matrixes. Table 3.3 contains the coded values of 
high and low levels for the 2
3
 full factorial design matrixes (Experiments 1 to 8). All 
experiments were carried out in triplicate (n=3) and the average of total sulphur percentage, 
percentage recovery of total sulphur (%S), Percentage of Relative Standard Deviation (%RSD) 
and the percentage of error are shown in the same table.  
A number of statistical tools such as regression model, Pareto chart, main and 
interaction effects, contour plots, ANOVA, and normal probability plot of residuals were used 
to analyze the experimental data by the statistical software MINITAB 15 at a 95% confidence 
level (Ponnusami et al., 2007; Abdel-Ghani et al., 2009). Regression model and Pareto chart 
(Ponnusami et al., 2007) were used to identify the significance of different parameters as well 
as to make the order of the individual and combine factors affect to the percentage recovery of 
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total sulphur (%S) or the response. Interaction effects and contour plots were used to identify 
the suitable level of the factors for the response (Bingol et al., 2010). ANOVA was used to 
identify the importance of the main and interaction effects of the factors to the response (Alam 
et al., 2012). Normal probability plot of residuals was used to justify the model adequacy by 
comparing the experimental and predicted data, using regression model (Abdel-Ghani et al., 
2009). 
When 1ml HNO3 was added to the sample mass in the digestion tubes, it was allowed 
for standing for one minute to wet the sample. Then a designated amount of HCl was added. 
The tube was sealed with a screw cap and placed into the ultrasound bath for sonication. The 
effect of cavitation process on the sample mass depends on the intensity and frequency of 
ultrasonic waves, as well as on the ultrasound power density (W/cm
2
) (Junior et al., 2006). For 
this reason, during the experiments, all three digestion tubes (n=3) were placed in the same 
place of the ultrasound bath to ensure robustness of results. The temperature of ultrasound 
bath was risen before sonication started and an external thermometer was used to observe the 
stability of the temperature, which was found to fluctuate ± 1 
O
C over the targeted time period. 
Before uncapping, the tubes were allowed to stand for 5 minutes for cooling. The sample 
solution was then decanted and diluted to 50ml in a volumetric flask followed by rinsing the 
digestion tube and cap for three times using de-ionized water. Care was taken in rinsing to 
make sure all refluxed sulphur in the solution. The diluted solution was then filtered to an ICP 
tube using disposable syringe (10 ml NORM-JECT, Latex free) through a syringe filter (0.2 
µm Supor membrane from Pall Corporation, U.S.A.). The final solution was preserved at 4
O
C 
temperature for ICP-OES analysis. Before the ICP-OES analysis all sample solutions were 
mixed well using a vortex mixer. For each batch of sample run, a method blank was carried 
out following the same steps of analysis without sample mass. 
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3.3 Result and discussion 
 
 The relative influence of different controlled factors, (i.e. digestion temperature, 
sonication time and acid combination) were evaluated and the most favourable conditions for 
total sulphur analysis of mine tailings were identified by USAD and ICP-OES detection 
technique. The experimental data were analysed by statistical software MINITAB 15 (Bingol 
et al., 2010).  
 
3.3.1 Statistical analysis 
3.3.1.1 Regression model and ANOVA 
 The Estimated effects, including the coefficients of observed factors for percentage 
recovery of total sulphur (%S) and analysis of variance (ANOVA) results for the experimental 
data of CRM sample for 2
3
 full factorial design, are presented in Tables 3.4 and 3.5, 
respectively. At the 95% confidence level, a P value less than 0.05 is defined as the lowest 
level of significance. As shown in Table 3.4, all factors and their combined effects are found 
significant except for the sonication time (A) (P = 0.361) and sonication time-HCl (AB) (P= 
0.313). The effects of sonication time (A), HCl (B) and sonication time-HCl (AB) are found to 
be negative with the 95% confidence level. The highest individual effect among the factors is 
observed to be the temperature (C, 5.483) and the combined effect of all three factors, 
sonication time-HCl-temperature (ABC, 3.46), from the same table. The model presented a 
correlation coefficient R
2
 = 87.54% and adjusted correlation coefficient R
2 
(adj) = 82.09%, 
which shows that there is a good agreement (Dong et al., 2010) for percentage recovery of 
total sulphur (%S) between the experimental data and the model. Therefore the model is 
statistically significant and predictable with in the chosen variables. Furthermore, as the 
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sonication time (A) and sonication time-HCl (AB) are found insignificant by the P values in 
Table 3.4, the mathematical model equation for the first order 2
3
 full factorial design can be 
reduced to (Bingol et al., 2010), 
 
%S = A0 + A1 * B + A2 * C + A3 * AC + A4 * BC + A5 * ABC                  (3.3) 
 
Here, %S (percentage recovery of total sulphur) is the dependent variable or the 
response. A, B and C are the independent variables (i.e. sonication time, acid combination and 
temperature) in coded units for the selected level of 2
3
 design matrix. A0 is the global mean 
and A1 to A5 of Equation 3.3 is the regression coefficient of all corresponding main and 
interaction factors as presented in Table 3.4. Substituting the values of regression coefficient 
into Equation 3.3, the regression model for the response can be established, as shown in 
Equation 3.4. The regression model equation (Eq. 3.4) is used to calculate the predicted values 
for percentage recovery of total sulphur (%S) of KZK-1 (CRM). The way of calculation of the 
regression model equation can found in Myers and Montgomery, (2002). 
 
%S = 97.924 – 1.373 * B + 2.742 * C + 0.942 * AC + 1.17 * BC + 1.73 * ABC  (3.4)        
  
As shown in Table 3.4; the values of regression coefficients and effect are arranged in 
the ascending order of the experimental factors and their relative influences, i.e. C> ABC> B> 
BC >AC > AB > A. The positive values of these effects (Table 3.4) reveal that the increase of 
these factors level leads to increases in the percentage recovery of total sulphur (%S) and vice 
versa (Ponnusami et al., 2007; Abdel-Ghani et al., 2009). As a result, the negative value of the 
sonication time (A), HCl (B) and their combined effect of (AB) are not expected to be 
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influential on ultrasound assisted digestion process for percentage recovery of total sulphur 
(%S). The general trend of data observed in the model design (Experiments 1 to 8) shown in 
Table 3.3 also reveals the decreasing trend for percentage recovery of total sulphur (%S) when 
HCl increases from 1ml to 3ml with other two factors remained constant (except experiments 
6 and 8). This observation supports the previous conclusion on the negative effect of HCl (B) 
on the digestion process. As a result, the sonication time (A) and HCl (B) can be fixed to the 
lower level, i.e. 20 minutes of sonication and 1ml HNO3: 1ml HCl. The results are supported 
by published research, for example, the similar optimum level of sonication time (20 minute) 
was observed for Ni and Cd extraction from soil and sediment samples (Kazi et al., 2009) as 
well as for Cu, Zn, Pb extraction from sewage sludge samples (Deng et al., 2009). So, it is 
obvious that the ultrasound energy can shorten the digestion period to 50%, compared to the 
hot plate digestion method (i.e. digestion time 40-minute) over the same CRM (Alam et al., 
2012). Further more, in all cases of CRM at high temperature (C) level (80
O
C) (Experiments 5 
to 8, Table 3.3), the accuracy of percentage recovery of total sulphur (%S), is very high. The 
accuracy is measured by the closeness of the agreement between the true value and the 
measured value (Maier, 1996). The percentage of error can be measured by the following 
equation, where µ is the certified value and µi is the measured value. 
  
Percentage of error = | µ - µi | / µ x 100                                                               (3.5) 
 
It can be observed from Table 3.3 that the percentage of error is less than 3% for CRM at the 
high temperature (C) level, which is an excellent accuracy for digestion procedure (Jenner et 
al., 1990). As a result, 80
O
C temperature (C) is considered the suitable factor level for 100mg 
of low sulphur content (<1.0 % sulphur) tailings. 
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 To measure the combined significance of employed factors for percentage recovery of 
total sulphur (%S), an analysis of variance (ANOVA) is performed and the results are 
summarized in Table 3.5. According to ANOVA results, the main effects of all factors (A, B 
and C), their two-way (AB, BC and CA) and three-way (ABC) interaction effects are 
statistically significant: P< 0.05. The sum of square and F-ratio (F= adj. MS factor / adj.MS Error) 
are used to estimate the combined factors’ effect. The larger F value indicates the importance 
of factorial response for percentage recovery of total sulphur (%S) (Alam et al., 2012). The 
ascending order of F values for model data set corresponds to the main effects > three way 
interactions > two way interactions. The F value of the main effects and three way interaction 
effects are observed to be very close, indicating the importance of combined effect of all three 
factors (ABC) for the percentage recovery of total sulphur (%S) measurement process.   
 
3.3.1.2 Student’s t-test 
 The Pareto chart is used to assess the relative importance of the main factors and their 
interactions for percentage recovery of total sulphur (%S) (Fig. 3.2). Whether the calculated 
effects from observed responses are significantly different from zero can be revealed from the 
horizontal columns in the Pareto chart and these responses can be measured by employing 
Student’s t-test (Ponnusami et al., 2007). The t-test values for all individual and combined 
factors are presented in Table 3.4. At 95% confidence level and sixteen degrees of freedom, 
the t-value is 2.12, shown by the vertical line in Fig. 3.2, which is taken as the reference line 
representing the minimum statistically significant effect (Kavak, 2009). As shown in Fig. 3.2, 
the main factors (C and B) and interaction factors (ABC, BC and AC) are all above the 
reference line and therefore significant, where as the main factor sonication time (A) and the 
combined factor sonication time-HCl (AB) are insignificant for the investigated response since 
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they are below the reference line (Mathialagan and Viraraghavan, 2005). The insignificant 
effect of sonication time (A) indicates that 20 minutes of digestion time is adequate for 
maximum percentage recovery of total sulphur (%S) from the chosen CRM (Dias et al., 2007). 
The highest influential factors, i.e. temperature (C) and the combine factors (ABC), as 
indicated by the Pareto chart and the t-test result, explain why the maximum percentage 
recovery of total sulphur (%S) is obtained from experiments 5 to 8 (Table 3.3).  
 
3.3.1.3 The main and interaction effects  
Fig. 3.3 shows the main effect plot of investigated factors where Fig. 3.3(a), (b), (c) 
represents the sonication time (A), HCl (B) and temperature (C) respectively. The plots are 
presented in terms of the response mean for each factor level where by the two points of each 
factor are connected as the main effect line. A reference line is drawn at the overall (grand) 
mean of the percentage recovery of total sulphur (%S). The main effect line, which shows the 
average deviations between the high and low levels of each factor, intersects with the grand 
mean line. The statistical significance of a factor is directly related to the length of this main 
effect line, i.e. a longer line indicates a more significant factor (Bingol et al., 2010; 
Palanikumar and Dawim, 2009). Among all the main effect lines that are presented in Fig. 3.3, 
the largest length and the greatest deviation in the mean value of percentage recovery of total 
sulphur (%S), is observed for the factor temperature (C) (Fig. 3.3c). Hence, temperature is the 
most influential factor among the chosen variables, which is supported by the Pareto chart 
(Fig.3.2). From Fig. 3.3 (a), the smallest length of main effect line refers the factor sonication 
time (A), indicating its minimum significance. Furthermore, Fig. 3.3(a) and Fig. 3.3(b) show 
the decreasing pattern of mean values for the percentage recovery of total sulphur (%S) of 
sonication time (A) and HCl (B), when these two factors are changed from low level (-1 ) to 
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high level (+1). This decreasing pattern of sonication time (A) and HCl (B) are supported by 
the negative effect as calculated in Table 3.4.  
 Interaction plots as presented in Figs. 3.4(a), (b), and (c) show the interaction effect 
between two main factors for percentage recovery of total sulphur (%S). In Fig.3.4, y-axis is 
the percentage recovery of total sulphur (%S) and x-axis is the mean response of low and high 
level of the interaction factors. Interaction plot is important when the effect of one factor is 
dependent with the level of another factor in a response. The idea of interaction can be 
summarized as; the factors with interaction effect do not run parallel and vice versa 
(Mathialagan and Viraraghavan, 2005). In Fig. 3.4(c), the highest degree of departure of being 
parallel is observed between factors HCl (B) and temperature (C), indicates their highest level 
of interaction effect for percentage recovery of total sulphur (%S). Two other interaction 
effects, i.e. sonication time-HCl (AB) (Fig. 3.4a) and sonication time-temperature (AC) (Fig. 
3.4b), are shown to have interaction effect but less intense than HCl-temperature (BC) 
interaction. It is also noticeable from Fig. 3.4(b) and Fig. 3.4(c) that the percentage recovery of 
total sulphur is highest at 80
O
C temperature (C), when the factor C interacts with the lower 
level of sonication time (A) and HCl (B), respectively. So, from the main effect plot (Fig.3.3) 
and interaction effect plot (Fig.3.4), the best combination of factors for the percentage 
recovery of total sulphur (%S) is 80
O
C temperature, 20 minute of sonication and 1ml HNO3: 
1ml HCl, which supports the observation obtained by the estimated effect and t-test results in 
Table 3.4.  
Contour plots for percentage recovery of total sulphur (%S), represents the interaction 
effect between two factors in terms of response surface area and the plot is obtained by using 
developed response models by software MINITAB 15. The contours of the most significant 
factor, that is temperature (C), as found by previous analysis, have drawn against the factor 
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sonication time (A) and the factor HCl (B) in Fig. 3.5 (a) and (b) respectively. To develop the 
contour plots, the factors HCl (B) and sonication time (A) are held at their low level for Fig. 
3.5 (a) and Fig. 3.5 (b), respectively. Both of the contour plots support the best combination of 
investigated factors as the lowest level for sonication time (A = 20 minute), lowest level of 
HCl (B = 1ml) and highest level of temperature (C = 80 
O
C) (Experiment 7, Table 3.3) for the 
percentage recovery of total sulphur (%S) from CRM sample. This observation is 
straightforward and in agreement with the interaction effect plot as shown in Fig. 3.4. 
 
3.3.1.4 Normal probability plot of residuals 
The factorial combination, as discussed in Sections 3.1, can be verified by comparing 
the observed values with predicted values (Abdel-Ghani et al., 2009) for percentage recovery 
of total sulphur (%S). The predicted values for %S can be calculated by Equation 3.4. The 
verification as well as the adequacy of the investigated model can be done by checking the 
data distribution for normality of standardize residuals as presented in Fig. 3.6 (Ponnusami et 
al., 2007). The figure clearly shows that the experimental points are aligned to the straight 
line, suggesting a normal distribution.  
 
3.3.2 XRD analysis 
XRD (X-ray diffraction) is a key to study the crystalline structure of minerals and other 
solids. Investigated CRM contains a combination of different minerals, which include pyrite 
(FeS2). Fig. 3.7 shows the XRD pattern of the CRM sample, in which Fig. 3.7(a) represents 
the pure CRM before digestion and Fig. 3.7(b) represents the same sample after ultrasound 
assisted digestion. The digestion levels of investigated factors were selected as 80
O
C 
temperature, 20 minute of sonication and 1ml HNO3: 1ml HCl (Experiment 7, Table 3.3). 
 49 
After digestion the CRM was filtered, washed with distilled water, air dried and taken for 
XRD analysis. Fig. 3.7(a) clearly indicate the presence of pyrite (FeS2) (denoted by the 
vertical line) (Dold and Fontbote, 2002), which is absent in Fig. 3.7(b); indicating the 
effectiveness of the selected digestion level. In addition, most crystalline structure of the CRM 
sample remain unaffected after ultrasound assisted digestion, indicating the selected digestion 
level is specific for pyrite crystal to be transformed into the amorphous state.  
 
3.3.3 Comparative analysis of investigated techniques 
 The accuracy and precision are calculated for the investigated technique (i.e. 
ultrasound assisted digestion) and compared with other total sulphur measurement techniques 
(i.e. hot plate assisted digestion, X-ray fluorescence and LECO-CNS). This comparative 
analysis is done by analyzing CRM (i.e. KZK-1) and mine tailings. 
 
3.3.3.1 Reference material 
 The same CRM sample is used for the measurement of percentage recovery of total 
sulphur (%S) to compare the accuracy and precision among the investigated techniques. The 
results are shown in Table 3.3, Experiments 1 to 11. The accuracy of the techniques is 
measured by calculating the percentage of error using Equation 3.5. The precision is 
calculated by the Percentage Relative Standard Deviation (%RSD) from the experimental 
results. According to Jenner et al., (1990) the agreement is good when data (i.e. percentage of 
error and %RSD) fall between 3% and 7% and the agreement is excellent when data (i.e. 
percentage of error and %RSD) are located between 0% and 3%. In case of the ultrasound 
assisted digestion followed by ICP-OES detection technique, all combinations of the design 
matrix at 80
O
C temperature (Experiments 5 to 8, Table 3.3) shows that both the percentage of 
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error and Percentage Relative Standard Deviation (%RSD) are less than 3%. Conversely, 
LECO-CNS technique shows that the percentage of error is greater than 6% and Percentage 
Relative Standard Deviation is close to 5% for the same CRM (Experiment 10, Table 3.3). The 
hot plate digestion followed by ICP-OES detection technique produces the similar level of 
accuracy compare to ultrasound assisted digestion technique. For further comparison, X-ray 
fluorescence was done (Experiment 11, Table 3.3) and the percentage recovery of total 
sulphur (%S) was found to have a much lower accuracy level and is not suitable for this CRM. 
   
3.3.3.2 Mine tailings 
Musselwhite mine tailings (MMT), with grain sizes less than 74 micron (passing sieve 
no. 200) are analysed by the same techniques as applied for CRM. The results of tailings 
analysis are shown in Table 3.6, Experiments 1 to 7. For ultrasound assisted digestion of 
MMT, a part of 2
3
 design matrix is selected based on the highest influential factor, i.e. 
temperature (C) as found in Pareto Chart (Fig. 3.2) analysis. Ultrasound assisted digestion 
(USAD) results of mine tailings are presented in Experiments 1 to 4, Table 3.6. According to 
the USAD of tailings, very close results are observed for total sulphur percentage 
measurement, regardless the level of the factors sonication time (A) and HCl (B). This results 
are coherent with the insignificant (P = 0.361) observation of factor sonication time (A) and 
the negative regression effect of factor HCl (B) as found in CRM analysis (Table 3.4). 
Ultrasound assisted digestion process produces the maximum total sulphur percentage from 
MMT among all other techniques (Table 3.6), which is found to be 0.45% (Experiment 1, 
Table 3.6). The Experiment 1 in Table 3.6 has the same factorial combination as judged 
suitable in CRM analysis in previous sections. As a result, the most favourable combination 
for total sulphur measurement from MMT by ultrasound assisted digestion is identified as 20 
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minute of sonication, 1ml HNO3: 1ml HCl and 80
O
C temperature. The total sulphur 
percentage from same tailings is also analyzed by hot plate digestion followed by ICP-OES 
measurement and LECO-CNS analyzer techniques, which yield the results of 0.39% and 
0.33%, respectively. The Percentage Relative Standard Deviation (%RSD) is calculated to be 
less than 6% in all combinations of ultrasound assisted digestion of tailings, which is 18% for 
LECO-CNS analyzer and greater than 6% for hot plate digestion technique (Experiments 1 to 
6, Table 3.6). X-ray fluorescence (XRF) for total sulphur percentage measurement of tailings 
produced poor result and therefore is not suitable for MMT analysis (Experiment 7, Table 
3.6). 
In summary, it may be concluded that the ultrasound assisted digestion followed by 
ICP-OES analysis of total sulphur measurement shows significant improvement compared to 
other total sulphur measurement techniques in terms of the analysis time, accuracy and 
precision of the investigated CRM and tailings.   
 
3.4 Conclusions 
The statistical design of experiments have been applied to identify the best 
combination of factors for total sulphur percentage measurement in reactive mine tailings. In 
particular, a technique of ultrasound assisted sample digestion and ICP-OES detection has 
been developed in this study.  
(1)  The best factorial combination is identified as 20 minutes sonication, 1ml HNO3: 
1ml HCl and 80
O
C temperature. The recovery rate of 100% for total sulphur was 
achieved and the Percentage Relative Standard Deviation (%RSD) was less than 3% 
for the selected CRM. This approach has proven statistically to be the most accurate, 
precise and fast procedure for total sulphur measurement of reactive mine tailings.  
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(2)  The ultrasound method is suitable for low sulphur content (< 1.0%) tailings when all 
other conditions remain constant. Further study is necessary to verify the technique 
for high sulphur content tailings.    
(3) The best level of factors for ultrasound assisted digestion technique is identified by 
the synergistic results of ANOVA and regression model (i.e. P-values), Pareto chart 
plot, the main effect plot, interaction effect plot and the contour plot.   
(4) The temperature effect and the combined effect of sonication time-acid combination-
temperature are proven to be most influential for the total sulphur measurement 
procedure in the proposed technique. 
(5) The proposed method can be applied for routine analysis of total sulphur in reactive 
mine tailings. However, it should be noted that the identified level of factors in the 
proposed procedure may depend on the experimental conditions. The proposed 
statistical design does not provide the optimum condition of the investigated factors. 
The design is limited to the range of factors chosen for experimentation, which is the 
limitation of this study (Palanikumar and Dawim, 2009). 
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 Fig. 3.1. Location of Musselwhite mine (Wang et al., 2006). 
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Table 3.1 Operational condition for ICP-OES analysis 
 
Power (kW)  
Plasma flow (L/min)  
Nebulizer flow (L/min)  
Auxiliary flow (L/min)  
Frequency (MHz)  
Replicate read time (s) 
Instrument stabilization delay (s)  
Pump rate (rpm)  
Sample uptake delay (s)  
Rinse time (s)  
Minimum detection limit (µg/ L) 
Wavelength for sulphur (nm)  
1.10 
15.0 
0.80 
1.5 
40 
5 
15 
15 
30 
25 
05 
181.972 
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 Table 3.2 Uncoded values of low and high level of experimental factors. 
 
Factors                                                         Low level ( - 1 )            High level ( + 1) 
(A) Sonication Time (minute)                                 20                                  30 
(B) HCl (ml);                                                           1                                    3 
[1ml HNO3 is fixed throughout the experiment] 
(C) Temperature (
O
C)                                              60                                 80 
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Table 3.3 Factorial design matrix (2
3
) and the results of other methods for KZK-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(All cases no of experiments n=3, except 9) 
*Optimum value of Hot plate assisted digestion followed by ICP-OES measurement (Alam et al., 2012) at 95
O
C 
temperature, 40minutes of digestion and 1ml HNO3:3ml HCl 
 
 
 
 
 
 
 
 
 
 
Exp. No 
Sonication 
Time 
(minute), (A) 
 
 
HCl (ml), 
(B) 
Bath 
Temperature 
(
O
C), (C) 
Total Sulphur 
Percentage  
Percentage 
Recovery of 
Total 
Sulphur 
(%S) 
 
 
Percentage 
of Error 
Percentage 
Relative 
Standard 
Deviation, 
(%RSD) 
1 -1 -1 -1 0.775± 0.017 96.87 3.125 
2.19 
 
 
2 -1 +1 -1 0.768± 0.0017 96.00 4.0 
0.22 
 
3 +1 -1 -1 0.788± 0.01 98.5 1.5 
1.37 
 
4 +1 +1 -1 0.714± 0.015 89.25 10.75 
2.1 
 
5 -1 +1 +1 0.788± 0.0112 98.5 1.5 
1.42 
 
6 +1 +1 +1 0.819± 0.018 102.37 - 2.375 
2.18 
 
7 -1 -1 +1 0.813±0.021 101.63 -1.625 
2.62 
 
8 +1 -1 +1 0.8± 0.0096 100 0.00 
1.2 
 
9 Hot plate digestion*,n=1 0.779 97.3 2.625 - 
10 LECO-CNS 0.75±0.038 93.75 6.25 5.07 
11 X-ray fluorescence (XRF) 0.41±0.00053 51.33 48.75 0.129 
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Table 3.4 Estimated effects and coefficients for percentage recovery of total sulphur (%S) from KZK-1. 
 
Term Effect Coef SE Coef T P 
Constant  97.924 0.3642 268.88 0.000 
Time (A) -0.685 -0.343 0.3642 -0.94 0.361 
HCl (B) -2.746 -1.373 0.3642 -3.77 0.002 
Temperature (C) 5.483 2.742 0.3642 7.53 0.000 
Time*HCl (AB) -0.758 -0.379 0.3642 -1.04 0.313 
Time*Temperature (AC) 1.883 0.942 0.3642 2.59 0.020 
HCl*Temperature (BC) 2.340             1.170 0.3642 3.21 0.005 
Time*HCl*Temperature 
(ABC) 
3.460 1.730 0.3642 4.75 0.000 
 
 
R
2
= 87.54%, R
2
(adj) = 82.09%; SE Coef = Standard error of coefficient; T = Coef/ SE Coef; P = Probability 
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Table 3.5 Analysis of variance for percentage recovery of total sulphur (%S) from KZK-1. 
 
Source DF Seq SS Adj SS Adj MS F P 
Main Effects          3 228.458 228.458 76.153 23.92 0.000 
2-Way 
Interactions    
3 57.574 57.574 19.191 6.03 0.006 
3-Way 
Interactions    
1 71.847 71.847 71.847 22.57 0.000 
Residual Error       16 50.932 50.932 3.183   
Pure Error         16 50.932 50.932 3.183   
Total 23 408.811     
 
df: Degrees of freedom, Seq SS: Sequential sum of squares, Adj MS: Adjusted mean of squares, F= adj. MS factor / adj.MS Error 
and P: Probability  
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Fig. 3.2. Pareto chart of the standardized effects for percentage recovery of total sulphur (%S) from KZK-1. 
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Fig. 3.3. Main effects plot for percentage recovery of total sulphur (%S) from KZK-1; (a) Time (minute), (b)   HCl 
(ml), and (C) Temperature (
O
C). 
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Fig. 3.4. Interaction effect plot for percentage recovery of total sulphur (%S) from KZK-1; (a) Time (minute) vs 
HCl (ml), (b) Time (minute) vs Temperature (
O
C), (c) HCl (ml) vs Temperature (
O
C). 
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Fig. 3.5. Contour plot of the estimated response surface for percentage recovery of total sulphur (%S) from KZK-1; 
(a) Temperature (
O
C) vs Time (minute), (b) Temperature (
O
C) vs HCl (ml). 
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                      Fig. 3.6. Normal probability plot of standardize residuals for percentage recovery of total sulphur              
(%S) from KZK-1. 
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Fig. 3.7. X-ray diffraction (XRD) analysis of KZK-1 sample; (a) before digestion and (b) 
after digestion. 
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Table 3.6 Comparative results for total sulphur percentage measurement of Musselwhite mine tailings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(All cases experiment no. n=3, except 7) 
*Hot plate digestion followed by ICP-OES is done at 95
O
C temperature, 40minutes of digestion and 1mlHNO3: 
3ml HCl (Alam, et al. 2012). 
** Ultrasound assisted digestion followed by ICP – OES measurement. 
 
 
 
  
 
Experiment 
No 
Sonication 
Time (minute), 
(A) 
 
 
HCl (ml), (B) 
Bath 
Temperature 
(
O
C), (C) 
Total Sulphur 
Percentage 
Percentage 
Relative 
Standard 
Deviation, 
(%RSD) 
1 ** 20 1 80 0.45±0.002 
0.5 
2** 30 1 80 0.43± 0.011 
2.56 
3** 20 3 80 0.44±0.026 
5.9 
4** 30 3 80 0.43±0.017 
3.95 
5 Hot plate digestion* 0.39±0.025 
6.41 
6 LECO-CNS  0.33±0.06 
18.18 
7 X-ray fluorescence (XRF), n=2 
 
 
 
0.12±0.0007 0.58 
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Chapter 4 
Optimization of sample preparation method for total sulphur measurement in mine 
tailings. 
4.1 Introduction 
Acid mine drainage (AMD) is generated from reactive mine tailings on many mine sites, 
which has significant impact to the ecosystem. The reactive mine tailings contain metal 
sulphides such as iron sulphides (pyrite (FeS2) and pyrrhotite (Fe1-xS, (0 < x <0.125))). AMD 
is generated when these iron sulphides are exposed to atmospheric oxygen and water (Shaw et 
al., 1998; Wang et al., 2006; Zhuang, 2009). The accurate and fast measurement of total 
sulphur of reactive mine tailings is important for day to day tailings management. The present 
work is a continuation of previous works on total sulphur measurement (Khan et al., 2012) by 
the inductively coupled plasma optical emission spectroscopy (ICP-OES).  
Complete dissolution of solid samples is one of the most important steps for spectroscopy 
analysis (Tuzen, 2003). Acid-oxidant combination is suitable for the dissolution of solid 
samples. Different combinations of acid-oxidant mixture are able to facilitate different 
elements in the extraction process (Kazi et al., 2009). The use of hydrogen peroxide (H2O2), 
an oxidant, in combination with acid mixtures is reported to be advantageous for the extraction 
of many elements by ultrasound and microwave assisted digestion processes for spectroscopy 
analysis (Bermejo-Barrera et al., 2000; Bermejo-Barrera et al., 2001; Santos et al., 2000; Kazi 
et al., 2009; Pourhossein et al., 2009). Recently, ultrasound assisted digestion for total sulphur 
measurement of reactive mine tailings has proven to be an accurate and fast procedure for 
ICP-OES technique (Khan et al., 2012). 
 
A revised version of this chapter will be submitted to the Journal Analytica Chimica Acta, 2012. 
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Investigations on other types of samples by ultrasound assisted digestion followed by ICP-
OES detection technique have been reported, including elements such as, Cd, Cu, Pb and Zn 
in sewage sludge (Hristozov et al., 2004); Cu and Zn in fly ash (Ilander and Väisänen, 2009); 
Cr, Mo, Ti, V, Cd, Fe, Mn, Ni and Zn in crude oil (De-Souza et al., 2006);  Ba, Ca, Cu, K, Mg, 
Mn, Sr and Zn in bean samples (Santos et al., 2009). In the present study, the influence of 
hydrogen peroxide (an oxidant) is tested in combination with an acid mixture for total sulphur 
measurement of reactive mine tailings by ultrasound assisted digestion technique. 
For optimization of analytical and experimental methods, the factors need to be 
selected and verified by statistical means. The traditional one factor at a time approach, i.e. the 
univariate technique, may bring a wrong conclusion especially when the factors are co-related 
and interact (Hashemi et al., 2005). Multivariate statistical techniques are advantageous 
because they can reduce the number of laboratory experiments, better evaluate interactions 
among the variables and reduce costs (Tarley et al., 2009). In addition, multivariate techniques 
are better suited for mathematical models for prediction of responses as well as for assessing 
significant variables and experimental conditions (Escudero et al., 2010). During a 
multivariate optimization process with many factors, the most significant factors are identified 
by applying a full or fractional factorial design (Ferreira et al., 2004). Then the optimum 
conditions are attained by using response surface methodology (RSM). The RSM is 
predominantly of four types, i.e. three level full factorial design, Doehlert design, Central 
Composite design (CCD) and Box–Behnken design (Dias et al., 2007; Ferreira et al., 2007). 
RSM provides an extra advantage of measuring the quadratic effects of factors, which is 
limited to the linear and interaction effects for the full factorial design (Khataee et al., 2010). 
This quadratic effect helps to analyze the curvature of experimental data (Lima et al., 2007). In 
this investigation, the factors (digestion time, acid-oxidant combination and digestion 
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temperature) are first screened by the full factorial design of experiment. The most significant 
factors are then optimized by RSM using central composite design (CCD).  
 Although combined approaches of factorial design and RSM are common practice for 
the optimization in many analysis procedures (Escudero et al., 2010; Dias et al., 2007; Amaro 
et al., 2004; Brasil et al., 2006), this is the first time that such an approach is adopted to 
optimize the total sulphur measuring procedure of reactive mine tailings. This work is also 
aimed at further improving the total sulphur measuring procedure as a continuation of a 
previous work (Khan et al., 2012). The ultrasound energy is applied in the sample digestion 
process and the total sulphur is measured by ICP-OES. Investigated factors are the digestion 
time, acid-oxidant combination (i.e. hydrogen peroxide as oxidant) and digestion temperature. 
The influence of hydrogen peroxide (H2O2) on the digestion process is tested by statistical 
means.  
 
4.2  Experimental  
4.2.1 Samples 
A certified reference material (CRM) “KZK-1” was provided by the Canadian 
Certified Reference Materials Project (CCRMP) and used throughout the experiment (Khan et 
al., 2012). The total sulphur content of KZK-1 is 0.8% ±0.01%. 
Musselwhite mine tailings (MMT) were collected from the mine site located on the 
southern shore of Lake Opapimiskan, 500 km north of Thunder Bay, Ontario, Canada. The 
tailings were stored in a sealed container under tailings pond water to minimize oxidation. 
Prior to testing, tailings were air dried for 24 to 48 hours and placed in an air-tight sealed 
plastic bag. The tailings contain mainly fine solids, with D50 = 0.015 mm (Alam et al., 2012) 
and 97% of solids are finer than 74 µm (passing sieve no. 200).  
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4.2.2 Reagents 
De-ionized water obtained from “Corning Mega pure”, U.S.A., lab water system, was 
used in this study. The chemicals used in the digestion process were of analytical reagent 
grade, which includes nitric acid (HNO3) of 70% v/v (Caledon Laboratories ltd., Canada), 
hydrochloric acid (HCl) of 37% v/v (EMD chemicals, Canada) and hydrogen peroxide (H2O2) 
of 30% solutions (EMD chemicals, USA). ICP-OES was calibrated using an atomic absorption 
(AA) grade standard stock solution of sulphur (Accu Standard, USA, 1000 µg/ml).  
 
4.2.3 Equipments 
 
An ultrasonic cleaning bath (VWR Scientific Products, USA, Model 75HT; 117V, 205 
W) with an analogue timer (0 to 35 minute) and heater (0 to 85
O
C) was used for digestion 
procedures. Digestion tubes (Kimax Culture Tubes, reusable with screw cap) with 20 ml 
capacity were used as the sample digestion containers. An electrical balance (Explorer Pro; 
Model EP214, Switzerland) was used to measure the masses of CRM and tailings. The total 
sulphur content was measured by an ICP-OES (Varian Vista Pro; CCD Simultaneous, 
Australia) auto sampler. The operating conditions of ICP-OES for the total sulphur 
measurement are listed in Table 4.1.  
 
4.2.4 Statistical design of experiments 
 
Two major statistical designs were followed to optimize the experiments and data 
analyses. The factors such as the digestion time (A), hydrogen peroxide (B) (an oxidant added 
to a fixed amount of acid mixture) and digestion temperature (C) were first screened by the 
full factorial design and subsequently, the most influential factors were optimized by the 
central composite design (CCD). The analysis of the regression model for both designs was 
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carried out at a 95% confidence level by using graphical analysis software Minitab 15 
(Prakash et al., 2008) and all experiments were conducted in duplicates (n=2). 
 
4.2.4.1 Full factorial design 
 
The full factorial design consisting of a 2
k
 experiment (k= no. of factors) is common 
for either preliminary studies or in initial optimization steps (Ferreira et al., 2004). At first, the 
factors (i.e. the digestion time (A), hydrogen peroxide (B) and digestion temperature (C)) were 
screened by applying the 2
3 
full factorial design, where the factor levels were coded as, low (-
1), central point (0) and high (+1). The uncoded values of the selected levels are presented in 
Table 4.2. The run at the central point (0) between the low (-1) and high (+1) levels of a 
chosen factor was performed to evaluate the experimental error (Dias et al., 2007). The 
number of runs required for the 2
3
 (two level three factors) full factorial design (FFD) is 
calculated as (N) = 2
3 
=8. The full factorial design matrix in a coded form for the selected 
reference material KZK-1 is shown in Table 4.3. The mean values of duplicate runs for the 
percentage of total sulphur (standard percentage of total sulphur for KZK-1 is 0.8% ±0.01 %.), 
percentage recovery of total sulphur (%SFFD) (calculated considering the value of KZK-1 as 
100%), and Percentage of Relative Standard Deviation (%RSD) of all eight runs are presented 
in the same table (Table 4.3, runs 1 to 8). In addition, the duplicate run of the central point 
(Table 4.3, run 9) was also performed and the mean values are presented. 
 The average of %SFFD (for the runs 1 to 8, Table 4.3) is 97.35, which is less then 
the value obtained from the central point run (%SFFD = 99.3; Table 4.3). As a result, the 
optimum value of the total sulphur measurement for KZK-1 is expected to be within the upper 
and lower limits of the experimental variables; hence it is not necessary to follow the steepest 
ascent technique for the optimization process (Li et al., 2001). The screening of the chosen 
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variables was performed by a regression model analysis to identify the significant factors on 
the response. The effect, coefficient, and probability value (P-value) of the experimental data 
were calculated. The statistical plots, i.e. the Pareto chart plot (obtained from students t-test 
results) and the contour plot were developed. The factors identified as significant were then 
optimized by the central composite design for the optimum recovery of total sulphur for the 
selected reference material KZK-1.  
 
4.2.4.2 Central composite design 
 
The central composite design (CCD) is the most accepted second-order regression 
model in the response surface methodologies (RSM), which was  introduced by Box and 
Wilson in 1951 (Angelopoulos et al., 2009). In a CCD the investigated factors were studied at 
five levels (-α, -1, 0, +1, +α) that include a full or fractional factorial design with central points 
that are augmented with star points located at a distance of α from its center points (Myers and 
Montgomery, 2002). The central points (0) identify the experimental error as well as the 
reproducibility of data,  and the star points (±α) represent the extreme high (+α) and low (-α) 
values (Chang et al., 2011). In a CCD, the star points (α) and total number of runs (N) can be 
calculated by the following equations, respectively (Prakash et al., 2008), 
 
α = 2 k/4                                                             (4.1) 
 
N= 2
k
 + 2k + NO                                                (4.2) 
 
Where, k is the number of factors, N is the number of runs, NO is the number of central 
points, 2
k 
is the total factorial points (cubic points) and 2k is the total axial points. The 
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experimental data that obtained in a CCD are subject to a multiple regression analysis, which 
represent a relationship between the dependent and independent variables. The second order 
regression model that obtained from a CCD can be represented as follows (Myers and 
Montgomery, 2002),  
                        
Y= ßO + ß1x1 + ß2x2 + …+ ßk xk + ß11x1
2
 + … + ßkkxk
2
 + ß12x1x2 + ß13x1x3 + 
 
 ….+ ß k-1,k xk-1 xk + ε        (4.3) 
 
 
 
where Y is the dependent variables or the response. X1 is the coded levels of 
independent variables and so on. ßO. ß1, ß11 and ß12 are the regression coefficients for the 
intercept, linear, quadratic and interaction terms of factors respectively and so on. The error 
term is expressed by ε.  
The coefficient of the second-order regression equation and the probability value (P-
value) were calculated by the software (Minitab 15). The analysis of variance (ANOVA) was 
carried out to estimate the significance of variables in their linear, interaction and quadratic 
states. Two dimensional (2D) contour plot and three dimensional (3D) surface plot, which are 
the graphical representation of the individual and cumulative effects among dependent and 
independent variables, were used to identify the optimum value of the digestion process. 
  
4.2.5 Selection of factors levels 
 
The factors investigated in the optimization process were the digestion time (A), 
hydrogen peroxide (B) and digestion temperature (C). The upper and lower levels of H2O2 as 
well as digestion time were selected by a trial and error method. According to the previous 
experiments of the authors the mixture of 1ml HNO3: 1ml HCl provided 100% recovery of 
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total sulphur from the selected reference material KZK-1 (Khan et al., 2012). For the selection 
of acid-H2O2 (oxidant) combination, a trial was carried out by using HNO3 and H2O2 mixture, 
without HCl on KZK-1. The results of total sulphur measurement from KZK-1 were 
inconsistent and accuracy was low. This observation supports the significance of HCl in the 
tailings digestion process (Khan et al., 2012). As a result, the acid combination of 1ml HNO3: 
1ml HCl was fixed throughout the experiment. The temperature levels for the present work 
were kept the same as of the previous work (Khan et al., 2012).    
 
 
4.2.6 Digestion procedure 
 
All glassware were kept in 5% nitric acid solution for 24 hours, rinsed with de-ionized 
water and dried in an oven (Iso temp oven, Fisher scientific, Model 737 F, U.S.A.) before use.  
All materials (the certified reference material (i.e. KZK-1) and tailings)) were homogenously 
mixed before weighted. One hundred milligrams (100 ± 1 mg) of sample mass was used for 
testing, which is considered suitable for accurate total sulphur measurement of tailings (Alam 
et al., 2011).  
Predetermined quantity of hydrogen peroxide (H2O2) was added in the solution of 1ml 
HNO3: 1ml HCl in the digestion tube. After the addition of 1ml HNO3 into the sample, it was 
allowed to stand for one minute then a designated amount of H2O2 was added, followed by 
1ml of HCl. The screw cap was sealed immediately and placed in the ultrasonic bath for 
sonication. Hydrogen peroxide (H2O2) is unstable and decomposes in the presence of acidic 
solution, which is catalyzed by Fe
+3
 ions, metals (Pt, Ag), dust, etc (Dimitrijevic et al., 1999). 
The decomposition of H2O2 produces oxygen and water in concentrated acid solutions 
(Dimitrijevic et al., 1999), which may lead to vigorous chemical reactions and increasing 
temperature. The vigorous reactions, combined with acid mixture and ultrasound energy, 
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improve the extraction efficiency of targeted element from solid matrix; is supported by other 
studies (Kazi et al., 2009; Pourhossein et al., 2009). 
 The ultrasound produces acoustic cavitation, which leads to the production of 
shockwaves (Ashley et al., 2001). The combined effect of cavitation and shockwaves 
accelerate the extraction of target elements from solid matrixes through surface erosion. The 
extraction efficiency is further enhanced by the oxidative power of the acid-oxidant solution 
(Kazi et al., 2009).  The effect of cavitation process on the sample mass depends on the 
intensity and frequency of ultrasonic waves, as well as on the ultrasound power density 
(W/cm
2
) (Junior et al., 2006). For this reason, during the experiment all (n=2) digestion tubes 
were placed in the same location in the ultrasound bath for a single run to ensure the accuracy 
of results. An external thermometer was used to observe the fluctuation of the bath 
temperature and was found within the limit of ± 1
O
C. In the end of the digestion time, the 
tubes were allowed to stand for 5 minutes for cooling and then uncapped. The sample solution 
was then decanted and diluted to 50ml in a  flask by carefully rinsing the digestion tube and 
cap three times using de-ionized water. The diluted solution was then filtered to an ICP tube 
using a disposable syringe (10 ml NORM-JECT, Latex free) through a syringe filter (0.2 µm 
Supor membrane from Pall Corporation, U.S.A.). The final solution was preserved at 4
O
C 
temperature for ICP-OES analysis. Before the ICP-OES analysis all sample solutions were 
mixed well using a vortex mixer. A method blank was carried out following the same steps of 
analysis. 
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4.3  Results and discussions 
 
4.3.1 Screening of factors 
 
 The regression analysis results for 2
3
 full factorial design for %SFFD of KZK-1 is 
shown in Table 4.4. All factors as well as their interactions are found significant at 5% 
probability level (P<0.05) (or 95% confidence level), except for the digestion time (A) 
(P=0.997). The model presented correlation coefficient R
2
 = 96.41% and adjusted correlation 
coefficient R
2 
(adj) =93.28%, which is in very good agreement (Dong et al., 2010) between the 
experimental data and the model. Therefore the model is statistically significant and 
predictable with in the chosen variables. The negative effect and coefficient of the digestion 
time (A) reveals that the increase of this factor from low to high level is not influential for 
%SFFD (Abdel-Ghani et al., 2009). As a result, the low level of digestion time (A=10 minutes) 
is adequate for maximum %SFFD from the selected reference material (KZK-1) (Dias et al., 
2007). Similar digestion time (10 minutes) by ultrasound assisted digestion was reported for 
the extraction of phosphorus and chromium from soil and biological samples respectively 
(Rondano and Pasquali, 2008; Kazi et al., 2009). On the other hand, the two-way interaction 
effect of hydrogen peroxide (BC and AB; Table 4.4) is positive as well as significant (P< 
0.05). Figure 4.1 represents the Pareto chart plot, which reveals the relative influences of the 
main and interaction effects of investigated factors for %SFFD.  This plot can be developed by 
employing student’s t-test (Table 4.4) (Ponnusami et al., 2007). In respect to the vertical 
reference line in the Pareto chart (Fig 4.1), which is the minimum significant effect at 95% 
confidence level (Kavak, 2009), the order of the main factors is the digestion temperature (C)> 
hydrogen peroxide (B)> and digestion time (A).  
In view of the above discussion, the digestion time (A) can be removed from the next 
steps of optimization process, which was fixed at 10 minutes for the rest of the experiments. In 
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summary, the 2
3 
full factorial design has identified the most influential factors for %SFFD from 
KZK-1, i.e., the digestion temperature (C) and hydrogen peroxide (B). This finding is 
supported by the response surface contour plot (Fig. 4.2), where more than 99% of total 
sulphur from KZK-1 is recovered at 10 minutes of digestion time (A) when two other factors 
(B and C) are tested within their selected experimental range.  
 
4.3.2 Final optimization 
 
 A central composite design (CCD) is performed to optimize the most influential factors 
(i.e. hydrogen peroxide (B) and digestion temperature (C)), as identified in section 4.3.1. The 
levels of CCD studied are presented in Table 4.5 with coded and uncoded values. The design 
matrix of CCD is detailed in Table 4.6, which includes 13 runs (Equation 4.2; 4 factorial 
points, 4 star points, and 5 central points). The star points are calculated by Equation 4.1, i.e. 
α=1.414 in coded form. Due to the presence of the star points, the factors B and C vary from 
0.8 ml to 2.2 ml and 56 
O
C to 84 
O
C respectively. The design matrix of CCD also contains the 
mean values of duplicate runs for the percentage of total sulphur, percentage recovery of total 
sulphur (%SCCD), percentage of error and Percentage of Relative Standard Deviation (%RSD) 
(Table 4.6). 
 
 
4.3.2.1 Regression model and ANOVA 
 
 The regression model of %SCCD, which is obtained by the least square method for 
KZK-1, contains the coefficients of the regression analysis (Coef), student t-test (T value) 
results and P (probability) values for the linear, quadratic (or square) and interaction terms 
(Table 4.7) of the factors B and C. Now adding the values of regression coefficients for the 
intercept, linear, quadratic and interaction terms from Table 4.7 to Equation 4.3, an empirical 
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second-order relationship between the dependent (%SCCD) and independent (B and C)  
variables can be derived (Khataee et al., 2010),  
 
%SCCD= 100.127 + 0.314B + 3.602C – 0.838 B
2
 – 4.088 C2 – 1.409 BC               (4.4) 
 
All independent variables in Equation 4.4 are in the coded form as given in the CCD 
matrix (Table 4.6). This empirical model, Eq. 4.4, can be used to predict the value of the 
percentage recovery of total sulphur (%SCCD) for the selected CRM.  
According to P (probability) values (Table 4.7), the linear and quadratic effects of 
factor C (digestion temperature) are significant (P<0.05), where as the same effects are 
insignificant for factor B (hydrogen peroxide) (P>0.05). In addition, hydrogen peroxide (B) is 
significant when it interacts with factor C (i.e. BC, P=0.042). In all cases of the central to high 
temperature (C) levels (except for runs 1, 2, 7; Table 4.6), the percentage of error and  the 
percentage relative standard deviation (%RSD) are less than 3%, which is excellent in 
accuracy and precision for the digestion procedure (Jenner et al., 1990). The percent of error is 
measured by the following equation (Eq. 4.5), where µ is the certified value and µi is the 
measured value,   
 
Percent of error = | µ - µi | / µ x 100                                                       (4.5) 
 
 
A positive regression coefficient indicates the synergistic effect (i.e. the increase of 
factors level increases the response) for %SCCD from KZK-1 (Prakash et al., 2008). The 
regression coefficient of the linear effect of factors B and C are positive (Equation 4.4), which 
means the increase of the factors level from low to high increases the %SCCD (Prakash et al., 
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2008). On the other hand, the quadratic and interaction effects of factors B and C (i.e. C
2
, B
2
 
and BC) are found negative. Furthermore the correlation coefficient, R
2
=90.64%, shows a 
good agreement for %SCCD between the experimental data set and the model (Dong et al., 
2010). Therefore the model is statistically significant and predictable with in the chosen 
variables. 
The summery of ANOVA for %SCCD from KZK-1 (CRM) is presented in Table 4.8. 
The ANOVA table shows the combined effect of linear and quadratic terms as well as the 
interaction effect of the experimental factors (i.e. B and C). The F-tests, F critical values 
(Montgomery et al., 2006) and P (probability) values are presented in the same table. High 
values of F(F>Fcr) and low values of P (P<0.05) for %SCCD from KZK-1 indicate that all 
variable terms (linear, quadratic and interaction) are statistically significant and the model is 
adequate for prediction (Chang et al., 2011; Khataee et al., 2010).  
 
4.3.2.2 3D surface plot and 2D contour plot 
 
The 3D response surface plot (Fig 4.3) simultaneously represents the %SCCD for KZK-
1 by varying the factors B (hydrogen peroxide) and C (digestion temperature) within the 
investigated range. The figure shows the maximum %SCCD when C is at above 75
O
C at 1.5ml 
hydrogen peroxide (H2O2). The result of %SCCD observed in the 2D contour plot (Fig 4.4) is 
similar with the 3D surface plot, which also supports the findings of the maximum percentage 
of total sulphur recovery presented in Figure 4.2 (the contour plot developed in the full 
factorial design). Therefore the optimum level of the investigated factors can be calculated by 
Minitab software as of 76.65~ 77 
O
C (C), 1.35 ml of hydrogen peroxide (B) for 100% 
recovery of total sulphur from KZK-1 (CRM) (Chang et al., 2011). To conclude the optimum 
level of ultrasound digestion for the selected reference material is at 10 minutes of digestion, 
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77 
O
C of digestion temperature and with solution of 1ml HNO3: 1ml HCl : 1.35ml H2O2. This 
optimum level shows significant improvement for the total sulphur measurement from the 
same CRM (KZK-1) in terms of the digestion time (A) and temperature (C). Specifically, the 
digestion time reduced to 10 minutes compared to 20 minutes and the temperature reduced to 
77 
O
C compared to 80 
O
C, as reported in the previous research (Khan et al., 2012).  
 
 
4.3.3 Validation of the model 
 
 The experimental results and the predicted results of %SCCD for each level of the 
central composite design matrix are given in Table 4.9. A linear regression model is developed 
based on the results, as shown in Figure 4.5. The predicted results are calculated by using 
Equation 4.4. The correlation of the linear regression is found to be R
2
=0.85, which indicates 
that the second-order polynomial equation (Eq. 4.4) is satisfactory for identifying the optimum 
level of the investigated factors. The deviated points observed at the bottom part of the 
regression line in Figure 4.5, indicate that runs 1, 2, and 7 (Table 4.9) are at the lower level of 
digestion temperature (C) (Table 4.6). This supports the highest influence of the digestion 
temperature (C), on the overall digestion process.  
 
 
4.3.4 Total sulphur measurement of Musselwhite mine tailings 
 
The optimum digestion levels were applied to measure the total sulphur content in the 
Musselwhite mine tailings and the results are presented in Table 4.10. The improvement is 
obtained compared to the previous study due to the addition of hydrogen peroxide in the acid 
solution of 1ml HNO3: 1ml HCl (Khan et al., 2012). The similar sulphur percentage measured 
in runs 2 and 3 of table 4.10, also supports the findings of the optimum digestion temperature 
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as 77 
O
C, which is sufficient for the complete digestion of the tailings sample. The low %RSD 
(less than 3%) reveals the excellent precision of this digestion process (Jenner et al., 1990).   
In summary, it may be concluded that the addition of hydrogen peroxide in the mixture 
of nitric and hydrochloric acid has reduced the digestion time to 10 minutes from  20 minutes 
as reported in the  previous study (Khan et al., 2012) for the same CRM and reactive mine 
tailings by ICP-OES method. Ultrasound assisted sample digestion plays an important role in 
the digestion process along with the oxidative power of hydrogen peroxide. The %RSD of the 
results is less than 3% for the selected CRM (KZK-1) as well as for mine tailings (Tables 4.3, 
4.6 and 4.10), indicating the excellent precision of the digestion process.  
 
4.4  Conclusions 
 
A fast, accurate and precise method for the measurement of total sulphur from low 
sulphur content (<1.0%) reactive mine tailings by ICP-OES is developed, which is 
recommended for the routine monitoring of tailings on mine sites. The proposed method is 
straightforward and adaptable to improve the sensitivity of ICP-OES. The combined approach 
of the design of experiment (full factorial design) and response surface methodology (central 
composite design) are found suitable to optimize the digestion process for spectroscopic 
analysis. The response surface methodology helps to develop a second order polynomial 
model to predict the digestion procedure. The experimental values are in good agreement with 
the predicted values, indicating the applicability of the model to the optimization process. 
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     Table 4.1 Operational condition for ICP-OES analysis 
 
Power (kW)  
Plasma flow (L/min)  
Nebulizer flow (L/min)  
Auxiliary flow (L/min)  
Frequency (MHz)  
Replicate read time (s) 
Instrument stabilization delay (s)  
Pump rate (rpm)  
Sample uptake delay (s)  
Rinse time (s)  
Minimum detection limit (µg/ L) 
Wavelength for sulphur (nm)  
1.10 
15.0 
0.80 
1.5 
40 
5 
15 
15 
30 
25 
05 
181.972 
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Table 4.2 Factors and levels (with uncoded values) applied in full factorial design (FFD). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Factors with units                        Symbols           Low level ( - 1 )              Central point (0)               High level ( + 1) 
Digestion Time (minute)                  A                       10                                   15                                         20 
H2O2 (ml);                                        B                        1                                    1.5                                          2 
[1ml HNO3 : 1ml HCl is fixed throughout the experiment] 
Temperature (
O
C)                             C                      60                                    70                                         80 
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Table 4.3 Full factorial design matrix and the results for KZK-1. 
 
 
 (For all run, no of experiments n=2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Run 
Digestion 
Time 
(minute), 
(A) 
H2O2 (ml), 
(B) 
Digestion 
Temperature(
O
C), 
(C) 
Percentage of  
Total Sulphur   
Percentage 
Recovery of Total 
Sulphur (%SFFD) 
 
 
Percentage 
Relative 
Standard 
Deviation, 
(%RSD) 
1 -1 +1 +1 0.799±0.002 99.9 0.25 
2 -1 -1 +1 0.796±0.001 99.5 0.13 
3 +1 +1 +1 0.793±0.003 99.1 0.38 
4 +1 +1 -1 0.764±0.005 95.5 0.65 
5 +1 -1 -1 0.768±0.001 96.0 0.13 
6 -1 -1 -1 0.781±0.001 97.6 0.13 
7 -1 +1 -1 0.739±0.003 92.4 0.41 
8 +1 -1 +1 0.79±0.008 98.8 1.01 
9 0 0 0 0.794±0.002 99.3 0.25 
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 Table 4.4 Regression analysis results of 2
3
 full factorial design for %SFFD from KZK-1. 
 
Term Effect Coef SE Coef T P 
Constant  97.3448    0.1634   595.90   0.000 
A -0.0014   -0.0007    0.1634   -0.00   0.997 
B -1.2266   -0.6133    0.1634   -3.75   0.006 
C 3.9481    1.9741    0.1634   12.08   0.000 
A*B 1.1704    0.5852    0.1634   3.58   0.007 
A*C 0.7609   -0.3804    0.1634   -2.33   0.048 
B*C 1.5829    0.7914    0.1634   4.84   0.001 
A*B*C -1.1891   -0.5946    0.1634   -3.64   0.007 
 
R
2
 = 96.41%, R
2
 (adj) = 93.28%; SE Coef = Standard error of coefficient; T = Coef/ SE Coef; P = Probability 
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 Fig.  4.1. Pareto chart of the standardized effects for %SFFD from KZK-1. 
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Fig. 4.2. Contour plot of the estimated response surface for %SFFD from KZK-1;  
   Digestion Temperature (
O
C) vs H2O2 (ml). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Temperature (C)
H
2
O
2
 (
m
l)
8075706560
2.0
1.8
1.6
1.4
1.2
1.0
Time(minute) 10
Hold Values
>  
–  
–  
–  
<  93
93 95
95 97
97 99
99
% S
 
 
%SFFD 
 100 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.5 Factors and levels (with uncoded values) applied in central composite design (CCD). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Factors with 
unit 
Symbols Levels 
-α  -1 0 +1 + α 
H2O2 (ml) B 0.8 1.0 1.5 2.0 2.2 
Temperature 
(
O
C) 
C 56 60 70 80 84 
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Table 4.6 Central composite design matrix and the results for KZK-1. 
 
 
 
(For all run, no of experiments n=2) 
 
 
 
 
 
 
 
Run 
H2O2 (ml), 
(B) 
Digestion 
Temperature(
O
C), (C) 
Percentage of  
Total Sulphur 
Percentage 
Recovery of 
Total Sulphur 
(%SCCD) 
 
 
 
 
Percentage of 
Error 
Percentage 
Relative 
Standard 
Deviation, 
(%RSD) 
 
1 -1 -1 0.754±0.01 94.25 5.75 1.33 
2 +1 -1 0.77±0.005 96.25 3.75 0.65 
3 -1 +1 0.801±0.007 100.13 -0.13 0.87 
4 +1 +1 0.794±0.007  99.25 0.75 0.88 
5 -1.414 0 0.794±0.003 99.25 0.75 0.38 
6 +1.414 0 0.797±0.004 99.62 0.38 0.5 
7 0 -1.414 0.737±0.006 92.13 7.87 0.81 
8 0 +1.414 0.802±0.001 100.25 -0.25 0.12 
9 0 0 0.809±0.004 101.25 -1.13 0.49 
10 0 0 0.8±0.003 100 0.0 0.37 
11 0 0 0.8±0.004 100 0.0 0.5 
12 0 0 0.794±0.006 99.25 0.75 0.76 
13 0 0 0.801±0.005 100.13 -0.13 0.63 
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  Table 4.7 Regression model for %SCCD from KZK-1 
 
Term* Coef SE Coef T P 
Constant 100.127    0.2954   339.006   0.000 
B 0.314    0.3286     0.955   0.351 
C 3.602    0.3286    10.961   0.000 
B
2
 -0.838    0.4980    -1.683   0.108 
C
2
 -4.088    0.4980    -8.210   0.000 
BC -1.409    0.6473    -2.176   0.042 
    
   R
2
=90.64%, R
2
(adj) = 88.30% ; SE Coef = Standard error of coefficient; T = Coef/ SE Coef 
* B= Hydrogen peroxide (ml) and C= Digestion Temperature (
O
C) 
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Table 4.8 Analysis of variance (ANOVA) for %SCCD from KZK-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 DF: Degrees of freedom, Seq SS: Sequential sum of squares, Adj MS: Adjusted mean of squares,  
 F= adj. MS factor / adj.MS Residual Error and P: Probability  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source DF Seq SS Adj SS Adj MS F F critical 
(Fcr) 
P 
Regression 5 168.997   168.997   33.7994   38.74   2.71 0.000 
Linear 2 105.629   105.629   52.8146   60.53   3.49 0.000 
Square or 
Quadratic 
2 59.235    59.235    29.6177   33.95   3.49 0.000 
Interaction 1 4.133     4.133     4.1328    4.74   4.35 0.042 
Residual 
Error   
20 17.450    17.450    0.8725    
Lack-of-Fit     3 2.153     2.153     0.7177    0.80   3.20 0.512 
Pure Error 17 15.297    15.297    0.8998    
Total 25 186.447      
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Fig. 4.3. 3D surface plot for %SCCD from KZK-1; Digestion Temperature (
O
C) vs H2O2 (ml). 
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                                Fig. 4.4. Counter plot for %SCCD from KZK-1; Digestion Temperature (
O
C) vs H2O2 (ml). 
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Table 4.9 Experimental and predicted values of %SCCD obtained from KZK-1. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Run 
 
%SCCD 
Experimental 
 
 
%SCCD 
Predicted 
1 94.25 89.87 
2 96.25 93.32 
3 100.13 99.89 
4 99.25 97.71 
5 99.25 98.5 
6 99.62 99.39 
7 92.13 89.25 
8 100.25 99.44 
9 101.25 100.13 
10 100 100.13 
11 100 100.13 
12 99.25 100.13 
13 100.13 100.13 
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                             Fig. 4.5. Comparison of predicted value and experimental value of %SCCD obtained from KZK-1. 
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Table 4.10 Results of Musselwhite mine tailings. 
 
Run Digestion 
time (A), 
(minute) 
Acid-oxidant combination 
(B),(ml) 
Digestion 
temperature 
(C), (
O
C) 
Total sulphur 
percentage 
Percentage 
Relative 
Standard 
Deviation 
(%RSD) 
  01* 20 1ml HNO3: 1ml HCl 80 0.45±0.002 0.5 
02 10 1ml HNO3: 1ml 
HCl:1.35ml H2O2 
77 0.43±0.002 0.46 
03 10 1ml HNO3: 1ml 
HCl:1.35ml H2O2 
80 0.43±0.005 1.16 
 
 
 * (Khan et al., 2012); all samples are in duplicate run (n=2) 
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Chapter 5 
Summery, conclusions and recommendations  
 
5.1 Summery and conclusions 
 
The research improves the sample preparation method for total sulphur measurement 
procedure of low sulphur content (<1.0%) reactive mine tailings by ICP-OES. The improvement 
achieved by ultrasound assisted digestion (USAD) in combination with acid and oxidant mixture. 
A significant improvement is found in terms of the analysis time, accuracy and precision over 
other methods of the investigated CRM and tailings. A multivariate statistical technique is 
established suitable in the optimization process and helps to develop a mathematical model 
equation for the total sulphur measurement. The proposed method can be a supportive document 
for the element analysis (recommended for low concentration of desired element, <1.0%) by 
spectroscopic technique and also suggested for routine monitoring of total sulphur in reactive 
mine tailings sites. 
Acid mine drainage (AMD) causes from reactive mine tailings (RMT) is a serious 
environmental issue for mine industries. Metal and coal mines are mainly responsible to causing 
AMD. Total sulphur measurement from RMT helps to predict the future possibilities of AMD. 
As a result, accurate measurement of total sulphur is inevitable. USAD procedure was found 
accurate, fast, and precise over other techniques (i.e. hot plate digestion followed by ICP-OES 
measurement, LECO-CNS, and XRF) for the measurement of total sulphur in mine tailings. ICP-
OES was selected for the quantitative measurement of total sulphur by the developed method. 
Suitable acid combinations (i.e. HNO3 and HCl) were selected by full factorial design of 
experiment. XRD analysis helped to verify the selected digestion process. 
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Further improvement in the USAD process was achieved by a new combination of acid 
and oxidant (i.e. HNO3, HCl, and H2O2) mixture. Improvement was achieved by the addition of 
H2O2 in combination with ultrasound energy; dropping the digestion time to 10 minutes with high 
level of accuracy and precision. The importance of adding H2O2 was tested statistically and the 
procedure was optimized by response surface methodology (RMS). The proposed sample 
preparation method is found simple and straightforward, which also provides a guide line for 
general spectroscopic analysis.  
 
 
5.2 Recommendations for further study 
 Further investigation is necessary to develop a ultrasound assisted extraction method 
for high sulphur content reactive mine tailings. 
 Microwave and ultrasound probe digestion techniques worth of investigation to find 
any improvement over the ultrasound assisted (bath) digestion technique. 
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